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The  effects  of  cassivc  flln  cooling  through  aultiple  rows  of  dis¬ 
crete  holes  on  the  aerodyroaics  of  a  typical  two-dir.ensional  turbine 
airfoil  have  been  studied  cxpcrir.cntally  using  a  single  bLadc  positioned 
in  a  contoured  channel.  Ihe  chazmcl  wails,  shaped  to  siculatc  the  pres¬ 
ence  of  adjacent  airfoils  in  a  cascade,  were  both  porous  and  r/jvable  to 
allow  adjustnent  of  the  florf  direction  and  aiifoil  surface  pressure. 
Electrically  heated  air  was  used  as  the  ^rirAry  flow,  while  rooT.  tenpera- 
turc  cooLint  air  was  cnlttcd  I'roa  five  rows  of  discrete  holes  on  each 
airfoil  surface  to  filn  cool  the  regions  aft  of  aid-chord.  Hole  geco- 
etrles  englcd  in  the  sp&nwisc,  chordwise,  and  verticel  directions  were 
enployed  to  achieve  coolant-to-inlct  cccs  flow  rate  ratios  as  high  as 
0.05  for  blowing  fro."i  the  single  blade.  Keasurcsents  were  cade  of  the 
static  pressure  distributions,  wake  total  pressure  defects,  and  airfoil 
suction  surface  teapcraturcs.  1110  r.o-b)owinc  heat  transfer  to  the  air¬ 
foil  surfaces  were  also  obtained  experinentaUy,  using  a  transient  thln- 
skln  thcnvBCtry  technique. 


Ihc  results  show  that  suction  surface  bloving  causes  both  less  of 
lift  and  ir*crcascd  vakc  cocentua  losses  by  cnlargcr.ont  of  the  turbulent 
boundary  layer  in  the  region  of  positive  pressure  gradient,  but  no 
significant  effect  was  observed  for  pressure  surface  cass  addition.  At 
low  blowing  rates  all  gcoactrics  testea  gave  nearly  equal  losses,  but 
as  suction  surface  blowing  -’as  increased  the  superiority  of  the  50* 
chordvisc  angular  orientation  was  apparent.  Evidence  vns  also  found 
U.at  jO*  spanwicc  anj^led  ir^iection  ciay  be  helpful  la  reducing  losses 
at  higji  blowing  rates,  but  rx>t  to  the  extent  of  the  reduction  obscr/ed 
for  chordwise  injection.  licasurcd  total  pressure  losses  .'.free  reasonably 
veil  with  tnc  prediction  of  a  simple  sdxing  analysis  based  on  soaentua 
conservation. 


The  present  fila-coollng  effectiveness  results  shew  that  discrete 
bole  fila  cooling  is  considerably  less  effective  than  contlnuou.*;  slot 
injection,  falling  0.25  ^  O.Up  below  the  continuous  slot  value  of 
filn  cooling  effectiveness  q.  Xo  relative  cooling  superiority  could  be 
found  for  ary  particular  blowing  hole  gcaoctry.  The  results  indicate 
that,  for  the  type  oi  filn  cooling  application  cxaalncd,  the  aaount  of 
coolant  rather  thAin  the  blovlr.g  hole  geoactry  is  the  prlaary  aaraacter 
governin',  cooling  cffectivcncso. 
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ABSTRACT 


The  effects  of  massive  film  cooling  throng  multiple  ro\TS  of  dis¬ 
crete  holes  on  the  aerodynamics  of  a  typical  t\-ro-dimensional  turbine 
airfoil  have  been  studied  experimentally  using  a  single  blade  positioned 
in  a  contoured  channel.  The  channel  walls,  shaped  to  simvilate  the  pres¬ 
ence  of  adjacent  airfoils  in  a  cascade,  were  both  porous  and  movable  to 
allow  adjustment  of  the  flov?  direction  and  airfoil  surface  pressure. 
Electrically  heated  air  was  used  as  the  primary  flow,  while  room  tempera¬ 
ture  coolant  air  \ms  emitted  from  five  rows  of  discrete  holes  on  each 
airfoil  surface  to  film  cool  the  regions  aft  of  mid-chord.  Hole  geom¬ 
etries  angled  in  the  spanwise,  chordvdse,  and  vertical  directions  were 
employed!  to  achieve  coolant-to-inlet  mass  flovr  fate  ratios  as  hi^  as 
0.05  for  blovring  from  the  single  blade.  Measurements  were  made  of  the 
static  pressure  distributions,  wake  total  pressure  defects,  and  airfoil 
suction  surface  temperatures,  llie  no-blovring  heat  transfer  to  the  air¬ 
foil  surfaces  were  also  obtained  experimentally,  using  a  transient  thin- 
skin  thermometry  technique. 

The  resTxLts  show  that  suction  surface  blowing  causes  both  loss  of 
lift  and  increased  v/ake  momentum  losses  by  enlargement  of  the  turbulent 
boTondary  layer  in  the  region  of  positive  pressure  gradient,  but  no 
significant  effect  was  observed  for  pressure  surface  mass  addition.  At 
low  blowing  rates  all  geometries  tested  gave  nearly  equal  losses,  but 
as  suction  surface  blovring  was  increased  the  superiority  of  the  30° 
chordwise  angular  orientation  was  apparent.  Evidence  was  also  found 
that  30°  spanwise  angled  injection  may  be  helpful  in  reducing  losses 
at  hi^  blowing  rates,  but  not  to  the  extent  of  the  reduction  observed 
for  chordwise  injection.  Measured  total  pressure  losses  agree  reasonably 
wen  with  the  prediction  of  a  simple  mixing  analysis  based  on  momentum 
conservation. 

The  present  film-cooling  effectiveness  results  show  that  discrete 
hole  film  cooling  is  considerably  less  effective  than  continuous  slot 
injection,  falling  0,25  to  0.45  belovr  the  continuous  slot  value  of 
film  cooling  effectiveness  q.  No  relative  cooling  superiority  could  be 
foTUid  for  any  particular  blowing  hole  gemoetry.  The  results  indicate 
that,  for  the  type  of  film  cooling  application  examined,  the  amo\mt  of 
coolant  rather  than  the  blowing  hole  geometry  is  the  primary  parameter 
governing  cooling  effectiveness. 
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I.  IJfPRODUCTIOK 


The  rise  of  cooled  turhine  blades  has  Bade  possible  present-day  tur¬ 
bojet  engines  v/ith  turbine  inlet  temperatu-es  greater  than  2000°F5  and 
siibstantial  further  improvements  in  allowable  maximum  temperatures  are 
foreseen  through  the  use  of  advanced  cooling  schemes.  The  types  of 
cooling  either  employed  or  being  investigated  include  internal  fuel  flow, 
convection,  impingement,  transpiration,  and  film  cooling.  The  latter 
foxir  generally  use  compressor-bleed  air  and  are  most  effectively  used 
in  combinations  of  several  methods  on  the  same  airfoil.  A  typical  blade 
mi^t  use  a  combination  of  convection,  impingement,  and  film  cooling. 
Several  possible  combinations  are  shovm  in  Fig.  1  as  examples  of  turbine 
airfoils  cooled  by  the  various  methods  vrhich  enqoloy  air  as  the  coolant. 

The  selection  of  the  method(s)  to  be  used  in  cooling  a  turbine  air¬ 
foil  involves  the  consideration  of  a  nmber  of  factors  and  depends  on 
much  more  than  merely  the  heat  transfer  distribution  over  the  blade  and 
the  cooling  effectiveness  of  the  available  methods.  Certainly  tvro  of 
the  primary  considerations  are  the  structural  and  aerodynamic  complica¬ 
tions  resulting  from  the  cooling.  The  structural  problems  are  introduced 
by  the  necessary  channels,  passages,  and  orifices  required  by  the  cool¬ 
ing  geometry.  The  structural  limitations  are  especially  severe  for 
transpiration  cooling  schemes  because  of  the  strength  limitations  of 
porous  materials.  The  aerodynamic  limitations  are  primarily  a  problem 
for  film  and  transpiration  cooling,  but  exist  also  for  convective  and 
impingement  schemes  since  even  for  these  non-mass  transfer  cooling 
techniques  the  coolant  air  mvist  be  expelled  from  the  blade,  usually  near 
either  the  trailing  edge  or  the  tip  of  the  blade.  In  any  case,  whenever 
air  is  injected  into  the  tvirbine  flow,  some  alteration  of  tne  flow  field 
from  that  existing  for  no  injection  must  occur.  The  problem,  simply 
stated,  is  to  minimize  the  flow  field  alterations,  since  such  alterations 
are,  by  their  very  nature,  generally  not  desirable. 

The  aerodynamic  effects  of  coolant  expulsion  from  the  turbine  air¬ 
foil  depend  significantly  on  the  method  and  amount  of  coolant  injection 
into  the  mainstream.  The  mass  trausfer  cooling  techniques  of  film  and 
.  transpiration  cooling  are  the  most  harmful  to  the  flow  field  since  they 
mvist  emit  the  coolant  air  from  some  portion  of  the  airfoil  '‘working" 
(lifting)  surface.  The  effects  of  transpiration  cooling  on  the  airfoil 
flow  field  might  be  expected  to  be  less  severe  than  those  of  film  cool¬ 
ing  since  considerably  less  coolant  flow  is  required  to  cool  the  same 
surface  by  an  equal  amount.^  In  addition,  film  cooling  must  inject  the 
coolant  mass  through  discrete  holes  or  slots,  thus  disturbing  the  flow 
and  intioducing  almost  instantaneous,  abiupt  increases  in  the  thickness 
of  the  boundary  layer.  This  increase  is  bound  to  cause  a  greater  dis¬ 
turbance  in  both  the  viscous  and  inviscid  flov/s  than  would  normally  be 
caused  by  transpiration  cooling. 
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Fig.  1  -  Three  possible  turbine  airfoil  cooling  schemes  employing  com¬ 
binations  of  Impingement  (l),  Transpiration  (T),  Convection 
(C),  and  Film  (F)  Cooling 


2 


It  might  he  asked  at  this  point  if  there  are  any  reasons  for  even 
considering  film  cooling,  since  it  appears  to  have  the  disadvantages  of 
being  both  less  effective  as  a  cooling  technique  and  more  disruptive 
aerodynamically  than  the  other  mass  transfer  method;  i.e.,  transpira¬ 
tion.  There  are  clearly  some  advantages  to  film  cooling.  Structurally, 
it  is  much  easier  to  design  and  fabricate  a  film-cooled  blade.  Even  a 
transpiration-cooled  blade,  such  as  the  one  shovm  in  Fig.  1,  would  prob¬ 
ably  rely  on  the  residual  film-cooling  effect  for  the  trailing-edge 
region,  because  of  the  obvious  difficulty  of  constructing  a  porous  emis¬ 
sion  surface  and  coolant  feed  ducting  in  the  space  available  in  the  thin 
trailing-edge  region  of  the  blade.  Also,  the  physical  danger  of  local 
pore  obstruction  could  resvilt  in  a  local  catastrophic  failure  dae  to 
overheating  if  the  residual  cooling  effect  of  adjacent  porotis  regions 
were  insufficient.  Film  cooling,  on  the  other  hand,  is  also  effective 
over  some  region  doi’mstream  of  the  mass  addition  location,  and  can  thiis 
cool  remotely.  Furthermore,  the  larger,  discrete  holes  or  slots  used 
in  film  cooling  make  the  blockage  by  a  foreign  object  far  less  likely. 

The  effect  of  film  cooling  on  the  aerodynamic  characteristics  of 
a  typical  turbine  blade  should  be  somev?hat  dependent  on  the  mass  addi¬ 
tion  geometry  and  blowing  rate.  It  is  obvious  that  the  boundary  layer 
Tri.ll  be  affected  since  much  of  the  coolant  Trill  be  entrained  in  this 
layer.  The  thickening  of  this  viscous  layer  in  an  almost  steprise 
fashion  shoTild  lead  to  an  apparent  ’’thickening"  of  the  airfoil  profile 
and  thxis  alter  the  static  pressure  distribution  and  hence  the  airfoil 
lift.  This  effect  may  be  quite  negligible  for  small  blovring  rates,  but 
as  higher  tiirbine  inlet  temperatxires  are  required,  the  increased  blowing 
rates  may  radically  alter  the  static  pressure  distribution.  It  would 
seem  logical  that  at  a  sufficiently  high  blowing  rate  the  boxmdary  layer 
coTild  even  be  completely  separated  from  the  blade  surface.  Since  an 
efficient  tiirbine  blade  operates  at  a  relatively  high  lift-to-drag  ratio, 
it  is  quite  probable  that  massive  blowing  on  the  suction  (low  pressure) 
surface  coTxld  induce  stall  by  boundary  layer  "blow-off."  For  this  rea¬ 
son,  film  cooling  mass  addition  on  current  turbine  blades  is  primarily 
limited  to  a  region  relatively  near  the  leading  edge  where  the  pressure 
gradient  is  favorable  (negative) .  This  limitation  of  film  cooling  to 
the  leading  edge  region  results  in  reduced  cooling  effectiveness  in  the 
mid-chord  and  aft  regions  of  the  blade,  regions  which’  are  also  diffictrit 
.  to  cool  by  other  means.  Furthermore,  in  the  aft  region  there  is  quite 
likely  a  xirbulent  boundary  layer,  thus  complicating  the  heating  problem. 
In  short,  film  cooling  appears  to  be  a  desirable  method  of  cooling  not 
only  the  leading  edge,  'but  also  the  aft  region  of  a  turbine  airfoil, 
providing  the  aerodynamic  effects  do  not  seriously  degrade  the  airfoil 
performance. 

The  basic  film-cooling  problem  has  been  w5dely  studied  both  anal^ x-i- 
cally  and  experimentally  by  many  vrorkers  in  the  field.  The  majority  of 
the  analytical  studies  have  dealt  with  determination  of  the  adiabatic 
Wr'll  temperature  distribution  over  a  flat  plate  doTmstream  of  the  injec¬ 
tion  region. The  convenient  model  for  injection  geometry  in  any 


theoretical  study  is  the  slot,  \-jh3.ch  allows  the  problem  to  be  treated 
two-diroensionally.  The  more  general  problem  of  discrete  ho3e  injection 
has  not  appeared  amenable  to  theoretical  solution  to  date. 

Ibqoerimental  studies  of  film  cooling  have  included  both  slot  and 
discrete  hole  geometries, however,  even  here  the  primary  en5)hasis 
has  been  on  the  t\ro-dimensional  slot.  Again  the  majority  of  the  studies 
has  been  concerned  with  the  adiabatic  wall  tenperature  distribution 
downstream  of  the  injection  region  on  a  flat  plate  with  a  turbulent 
boundary  layer,  althoia^  some  studies,  such  as  that  by  Haering,^°  have 
included  the  effects  of  pressure  gradient  and  surface'  curvature.  The 
importance  of  these  experimental  investigations  lies  in  the  fact  that 
correlations  of  the  primary  similarity  parameters  giveming  film-cooling 
effectiveness  have  been  detemnined  sufficiently  well  to  allow  for  engineer¬ 
ing  calcxolations .  Althou.'h  the  experimental  studies  have  been  primariiy 
of  flat  p*late  flov;s,  Haering,^®  as  an  example,  has  found  that  for  tangen¬ 
tial  slot  geometries  iy.  a  transonic  nozzle  the  effect  of  negative  pres¬ 
sure  gradient  on  the  film  cooling  is  not  inportant  (he  also  states  that, 
based  on  his  unpublished  data  obtained  under  separated  flow  conditions, 
a  strong  positive  pressure  gradient  does  show  a  severe  adverse  effect 
on  film  cooling).  Such  results  thus  suggest  the  use  of  available  flat 
plate  correlations  to  predict  the  adiabatic  wall  temperature  over  air¬ 
foil  shapes  such  as  turbine  blades,  providing  the  injection  is  from  a 
tangential  slot-like  geometry  and  no  severe  positive  pressure  gradients 
are  present. 

The  problem  of  predicting  film-cooling  effectiveness  becomes  much 
more  difficult  to  attack  when  discrete  holes  are  used  to  inject  the 
coolant  instead  of  a  continuous  slot.  Experimental  investigations  such 
as  that  of  Metzger  and  Fletcher^^  show  that  discrete  hole  geometries 
are  considerably  less  effective  than  a  continuous  slot  in  cooling  the  ■■ ' 
region  do'j'Tnstream  of  the  injection,  but  interest  in  discrete  hole  film 
cooling  remains  hi^  because  of  structtiral  considerations.  It  has  been 
shown  that  multiple  slots  can  allov/  a  considerable  reduction  in  the 
coolant  required  to  cool  a  surface  by  a  specified  amount,^®  and  a  similar 
effect,  perhaps  to  a  lesser  degree,  could  be  expected  to  hold  for  multiple 
rows  of  discrete  holes.  However,  when  multiple  rov/s  of  discrete  holes 
are  considered,  the  problem  becomes  inordinately  complex  from  an  analyti¬ 
cal  viewpoint,  and  the  experimental  approach  has  here  also  been  the  most 
effective  means  for  studying  the  problem. 

When  all  of  the  aforementioned  film-cooling  studies  are  examined, 
it  is  surprising  to  note  how  little  published  work  has  been  devoted  to 
the  effect  of  film  cooling  on  the  aerodynamics  of  a  typical  turbine 
airfoil;  e.g.,  the  pressure  distribution  and  external  flow  over  an  air¬ 
foil-shaped  body.  This  is  in  spite  of  the  fact  that  a  decrease  of  only 
a  few  percentage  points  in  turbine  efficiency  due  to  the  aerodynamic 
effects  of  cooling  could  more  than  negate  the  increase  in  thrust  and 
decrease  in  specific  ibel  consximption  obtained  by  the  increased  turbine 
inlet  temperature  allowed  by  cooling.  Thus  it  appeared  that  an  experi¬ 
mental  investigation  of  multiple-row,  discrete  hole  film  cooling  of  a 
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turbine  airfoil  could  make  a  significant  contribution  1  ;  revealing  the 
aerodynamic  effects  of  blovjing  on  the  lift  and  drag  of  a  typical  turbine 
airfoil.  Such  an  experimental  investigation  could  axso  provide  some 
indication  of  the  validity  of  the  numerous  single-slot,  flat-plate  film¬ 
cooling  effectiveness  correlations  when  applied  to  a  ciurved  surface 
which  is  cooled  by  multiple  rows  of  holes.  Althou^  such  correlations 
are  probably  adequate  for  engineering  design  purposes  when  applied  to 
single-slot  injection  in  the  leading  edge  region  of  a  turbine  airfoil, 
their  applicability  to  multiple-row  hole  geometries  has  not  yet  been 
verified. 

It  should  be  noted  that  although  the  aerodynamic  effects  of  film 
cooling  on  turbine  airfoils  have  not  been  examined  in  detail  in  the 
open  literature,  several  recent  papers  have  reported  experimental  data 
on  the  aerodynamic  performance  of  transpiration-cooled  blades.  The 
survey  of  Barnes  and  Came^'^  presents  the  results  of  several  experimental 
cascade  investigations  which  show  that  for  small  coolant-to-primary  mass 
flow  rate  ratios  (5  <  O.O3)  the  total  pressure  loss  coefficient  increases 
linearly  mth  5.  Furthermore,  a  recent  study  by  Provenzale  and 
Thirumalaisamy-^  of  the  aerod;^amic  performance  of  an  annular  cascade 
of  transpiration-cooled  stator  blades  shows  that  for  coolant  flows  as 
high  as  5.^^  of  the  primary  flow  the  static  pressure  distribution  over 
the  airfoils  remains  essentially  unchanged.  However,  it  is  impossible 
to  predict  what  effect  an  equivalent  amoiuit  of  film  cooling  would  ha.ve 
on  the  static  pressure  distribution,  particularly  when  the  unique  depen¬ 
dence  of  film  cooling  on  the  injecti'on  geometry  is  considered. 

In  order  to  parametrically  investigate  the  problem  of  the  aerodynamic 
effects  of  massive  multiple-row  discrete  hole  film  cooling,  the  approach 
adopted  for  the  present  investigation  has  been  to; 

'  1.  select  a  typical  turbine  airfoil  shape  and  fix  the  desired 
number  of  rows  of  film  cooling  ports; 

2.  vary  the  injection  hole  geometry  on  a  series  of  models, 
keeping  the  model  profile  and  the  location  of  the  rows  of 
holes  identical  for  all  models;  and 

3.  conduct  tests  at  several  inlet  temperature-to-coolant 
temperatvire  ratios,  measuring  the  blade  temperature,  the 
static  pressiire  distributions,  and  the  wake  total  pressvire. 

In  considering  the  thermal  and  aerodynamic  performance  of  a  film 
cooled  airfoil,  there  are  a  number  of  parameters  which  are  of  interest. 
These  have  been  reasonably  well  identified  by  the  various  investigators 
in  the  once  separate  fields  of  mass  transfer  cooling  and  turbine  develop¬ 
ment.  The  generally  accepted  measure  of  the  actual  film  cooling  per¬ 
formance  is  the  effectiveness  q,  defined  by 
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(1) 


The  independent  correlating  parameters  for  ti  are  riUKi.i'OTis  >  but  available 
evidence  for  slot  injection  geometries  indicates  thc't  those  of  primary 
iirqportance  are  the  mass  flux  ratio  M,  the  slot  height  b-  the  surface 
distance  do\nistream  of  injection  x,  and  the  Stanton  nuniher  for  no  blow¬ 
ing  above  parameters  have  been  used  successfully  to  corruiate 

most  of  the  single-slot  data  obtained  to  date,  and  it  is  reasonable  to 
expect  that  they  will  also  play  a  major  role  in  correlating  cuitiple- 
row,  discrete  hole  data,  although  a  change  of  form  or  the  inel.ision  of 
additional  parameters-  may  indeed  be  necessary. 

The  parameter  generally  used  in  turbine  airfoil  studies  to  account 
for  losses  due  to  mass  transfer  cooling  and  viscous  effects  is  the  touc3 
pressure  loss  coefficient.  This  parameter  may  be  written  in  its  simpleot 
form  as 


w  a 


(2) 


where  conditions  1  and  2  are  upstream  and  downstream  of  the  airfoil, 
respectively.  Measurement  of  this  quantity  may  be  carried  out  along  the 
coordinate  normal  to  the  downstream  flovr  by  the  use  of  a  traversing 
probe  and  the  resultant  curve  integrated  to  give  a  more  accurate  account¬ 
ing  of  the  loss  in  total  flow  momentum  due  to  both  the  airfoil  profile 
and  the  coolant  injection. 

A  third  major  airfoil  characteristic  which  is  indicative  of  turbine 
blade  performance  is  the  static  pressure  distribution.  Relatively  easy 
to  measure  for  a  stationary  airfoil,  this  profile  gives  a  direct  indica¬ 
tion  of  the  lifting  efficiency  of  the  blade. 

With  the  a'  •'ve-noted  measurements,  these  three  characteristics  of 
'  a  film-cooled  ao-^foil — the  cooling  effectiveness  i),  the  wake  total  pres¬ 
sure  loss  coefficient  u,  and  the  static  pressure  distribution — can  be 
evaluated  and  a  meaningful  comparison  of  the  thermal  and  aerodynamic 
efficiencies  of  vddely  differing  injection  geometries  can  be  carried 
out.  For  the  present  study  it  was  decided  to  employ  five  rows  of  coolant 
holes  on  each  surface  of  the  film-cooling  models,  an  arrangement  which 
might  be  typical  of  advanced  cooling  schemes  which  in  the  fut\jxe  v/ould 
employ  massive  film  cooling  (^  >  %).  Separate  models  were  used  to  mea¬ 
sure  the  heat  transfer  rate  in  the  absence  of  film  cooling  to  obtain 
the  no-blovang  Stanton  number,  CHq.  This  latter  measurement  was  felt 
to  be  a  desirabl.e  part  of  the  experimental  program,  not  only  because 
Chq  is  used  in  correlating  film  cooling  data,  but  also  to  provide  definite 

information  concerning  the  state  of  the  boundary  layer  over  the  airfoil. 


6 


The  "basic  experiment  as  thiis  far  described  appears  ideally  suited 
for  a  cascade  study.  However,  limitations  imposed  by  the  available 
facilities  suggested  an  alternate  approach,  that  of  a  single  blade 
tested  in  a  contoured  channel  in  which  the  walls  were  both  movable  and 
perforated  in  order  to  adjust  the  surface  pressure  distribution,  and 
contained  film  coolant  ports  to  simulate  blowing  from  adjacent  "blades . 
This  approach  ’tra.s  used  to  obtain  the  present  experimental  results.  The 
emphasis  in  this  study  is  placed  on  the  aerodynamic  effects,  pai'tic’J.arly 
for  massive  blowing  rates.  Althou^  data  obtained  in  such  a  facility 
cannot  be  expected  to  predict  the  performance  of  "any  particular  tiirbine 
stage,  the  fundamental  effects  of  massive  blovang  on  the  losses  associ¬ 
ated  with  the  airfoil  flow  field  were  readily  observable.  The  goal  of 
this  study,  then,  is  to  improve  the  basic  understanding  of  the  problem 
in  such  a  manner  that  future  film-cooled  turbine  bTade  design  mi^t 
begin  -vrith  a  reasonable  prediction  of  the  maximum  tolerable  blowing 
rate  and  the  most  effective  injection  geometry  to  accomplish  the  neces¬ 
sary  cooling. 
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H,  EXPERU-MfEAL  APPARATUS 


A.  THE  HIGH-TEI-iPERATURE  TURBHffi  AIRFOIL 
TEST  FACILITf 

The  Hi^-Tmperatiire  Turbine  Airfoil  Test  (HTTAT)  Faciliiy  used  in 
this  investigation  was  designed  and  built  at  The  Ohio  State  University 
Aeronautical  and  Astronautical  Research  Laboratory  (OSUAARL)  expressly 
for  the  purpose  of  this  investigation.  The  facility  provided  contin- 
\ious  inlet  flovr  about  a  single  two-dimensional  turbine  blade  of  tvro-inch 
span.  The  blade  was  positioned  in  the  middle  of  a  tvro-dimensional  (con¬ 
stant  width)  channel  which  was  contoured  to  simulate  the  presence  of 
adjacent  blades  in  a  cascade  or  an  actual  turbine  stage.  The  choice  of 
the  singl’e-blade  channel,  as  opposed  to  the  cascade  testing  method,  was 
dictated  by  the  limited  air  and  povrer  available. 

A  typical  two-inch  chord  turbine  airfoil  was  selected  for  the  pro¬ 
gram,  thus  requiring  a  flow  width  of  at  least  t\ra  inches  if  an  aspect 
ratio  of  1  was  to  be  obtained.  Located  at  OSUAARL  is  a  600  Kf,  2500°F 
maximum  temperature  resistance  heater,  normally  used  to  supply  a  contin¬ 
uous  flow  of  heated  air  for  a  12-inch  hypersonic  mnd  tunnel.  Since 
this  energy  source  of  known  characteristics  was  readiljr  available,  the 
approach  taken  was  to  design  the  test  facility  to  mate  with  this  heater. 

A  stagnation  pressxire  of  3  atmospheres  vzas  used  for  all  design 
calculations  since  this  pressure  would  allov?  direct  venting  of  the 
facility  to  the  atmosphere  throvigh  a  choked  exit,  eliminating  the  need 
for  a  diffuser  or  vacuum  pvmp  system.  In  addition,  a  reasonably  high 
pressure  level  was  desired  in  order  to  maintain  the  Reynolds  numbers 
neepssary  to  simulate  actual  txubine  conditions.  Thus,  to  achieve  the 
maximum  operating  temperature  an  inlet  area  of  less  than  3.5  in.^  was 
all  that  was  possible  without  pushing  the  heater  to  its  maximum  power 
of  600  tW,  and  the  design  of  the  HTTAT  test  cabin  was  based  on  the  fol¬ 
lowing  conditions: 

inlet  area  =  3*3 

maximum  inlet  stagnation  temperature  =  2500°F 
inlet  stagnation  pressure  =  3  atmospheres 
nominal  inlet  Mach  number  =  0,35 
blade  chord  =  2  inches 
blade  span  =  2  inches 

A  transition  section  vra.s  added  to  the  exit  of  the  existing  heater 
to  adjust  the  flow  from  the  circular  cross  section  of  the  double-i)ass 
heater  to  the  rectangular  cross  section  of  the  test  cabin.  Three 
screens  were  incorporated  into  the  transition  section  to  achieve  uni¬ 
form  flow  properties  and  allow  higher  operating  pressures  in  the  heater. 
Several  more  screens  were  located  in  the  heater  proper,  so  that  a  total 
pressure  drop  of  more  than  60^  was  achieved  from  heater  core  to  test 
cabin  inlet. 


Preceding  page  blank 
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(tece  the  inlet  area  asd  width  were  selected,  laie  nest  st^ 

in  the  facility  design  was  the  ccsntosiring  of  the  test  section,  chassiel. 

A  diagraa  of  the  final  contoar  is  shown:  in  Fig.  2,  where  the  adjacent 
blades  in  a  typical  cascade  have  been  snpt-rio^sed  on  the  diagraa.  Ihe 
test  section  wall  contour  was  based  on  the  blade  ssan  casber  line  and 
a  total  flow  deflection  of  7b.2® .  3ie  noainal  blade  angle  of  attach 
was  asd  the  stagger  angle  of  the  sinalated  cascade  was  26.?® * 

Tjj  order  to  facilitate  operation  in  the  transonic  flow  regine  and 
to  adjust  the  flow  to  the  76.2®  turning  angle,  porous,  Eovable  walls 
were  incorporated  in  the  aft  portion  of  the  test  cabin-  allowed 

adjustment  of  the  flow  direction  and  permitted  fine  adjusiaent  of  the 
static  pressure  distribution  over  the  airfoil,  ‘me  porous  walls,  sore 
cosTionly  found  in  transonic  oind  tunnels,  ninisize  the  effect  of  the 
walls  and  allow  the  downstreara  flow  to  nore  closeiy  sirailate  that  of 
the  flow  leaving  a  cascade.  In  addition,  plenua  chambers  bounding  the 
porous  walls  were  joined  by  an  exteanml  tube,  allowing  equalization  of 
their  pressures  and  providing  a  nearly  constant  pressure  botCidary  for 
the  vrake  of  the  blade. 

Sie  test  cabin  itself  was  cesposed  of  four  major  ccesponents:  con¬ 
cave  and  convex  contoured  walls,  and  tvro  flat  side  walls.  All  four 
major  pieces  were  fabricated  from  stainless  steel  with  wall  thicknesses 
of  one  inch  or  more.  Figure  3  snows  the  four  rajor  pieces  of  the  cabin 
>ri.th  a  turbine  blade  in  position  and  one  wall  removed  for  viewing.  ‘Qae 
two  sidewalls  contained  circular  countings  for  2.5-inch  diameter 
quartz  v/indows,  centered  on  the  blade  to  allow  the  capability  for 
Schlieren  photography  of  the  flovr  field  at  low  stagnation  temperatures. 
At  elevated  temperatures  the  quartz  windov/s  v;ere  replaced  by  metal  in¬ 
serts  with  slots,  contoured  to  the  blade  profile,  throxi^  vdiich  the 
ends  of  the  airfoil  extended  to  receive  coolant  air  and  instrumentation. 

The  walls  of  the  test  cabin  contained  fo\ir  rows  of  film  coolant 
ports  identical  to  those  on  one  of  the  blades  tested  and  located  at 
approximately  the  same  position  in  which  they  vrould  be  foxmd  if  adjacent 
blades  were  present. 

A  stationary  total  pressure  probe  and  a  static  pressure  tap  vjere 
located  at  the  test  cabin  inlet  to  monitor  the  inlet  flcn^  conditions. 
Movable  total  pressure  survey  probes  vjere  located  dovmstream  of  the  air¬ 
foil,  as  shovm  in  Fig.  4.  Numerous  static  pressure  taps  throughout  the 
test  cabin  assisted  in  determining  flo\?  conditions  and  facility  char¬ 
acteristics. 

The  flovr  exited  the  test  section  throuf^.  a  constant-area  channel 
six  inches  in  length  followed  by  a  rectangular  converging  nozzle,  dump¬ 
ing  the  flow  into  a  six-inch  diameter  diffuser  duct  which  was  vented 
directly  to  the  atmosphere.  Ihe  total  pressure  vjas  maintained  suffi¬ 
ciently  high  to  ensure  choked  flow  at  the  nozzle  exit,  so  mass  flov; 
control  and  inlet  ^5ach  number  could  be  varied  hy  both  adjustment  of  the 
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total  pressHTe  arsi  •rariatioa  of  -Sie  c^roS^i-iil  exit  area.  Sao  ciffereat 
csjsyeargiEg  rocsles,  -ifitij  caala  art^s  of  1.5^  aafi  I.70  vere  •ased 

to  eiSEer  ssibsorsic  or  tsajssoaic  tlsm  orer  tiss  saotisa  surface 

of  xtss  airfoil,  i&ajse  ccnditiC'HS  corresnorffisd  to  blade  aressare  ratios 
(inlet  total-toHEisMEstreaa  static  pressure  ratios)  of  =  1-5  ana 

1.7,  ressectively.  •  " 

£.  viesT  of  tSse  connlete  Pfecilits'  is  saoMS  in  Pig.  5- 


B.  PHD  FPSESJCPHSSS  OF  K05S1S 


Sie  basic  turbine  airfoil  selected  for  testing  was  a  topical  two- 
inch  blade,  sEosm  wiib  its  ccorcimtes  in  S^le  I.  ibis  blade  was  an 
attractive  choice  since  static  pressure  distribution  data  obtained  in 
cascade  testing  using  this  profile  had  been  previously  published.^^ 

Foin*  differreit  trpss  of  data  were  required  for  this  study,  ‘mese 
include  neasar^rents  of  the  static  pressure  distribution,  wane  total 
pressure  profile,  and  teeperatares  at  selected  points  on  the  blade,  aTi 
in  the  tirescnce  of  fils  coolir^,  and  heat  transfer  mEasurersnts  for  the 
no-blowing  case  where  only  transient  tesperatures  need  be  measured. 

Two  sets  of  aodels,  one  for  the  filn  cooling  study  and  another  set  for 
the  no-blowing  heat  transfer  neasureaents,  have  thus  besi  used. 


1.  Filn-Cooling  I'iodels 

Measuring  pressure  and  terperature  simultaneously  on  the  filn- 
cooled  isodels  required  stanwise  channels  for  sipplying  coolant  air  to 
the  filn-cooling  ports,  plus  separate  spaisfise  ciannels  for  the  pressure 
ponts  and  themoccuples.  Sie  latter  two  ceasureaents  should  be  nade 
near  the  cente2piane  of  the  blade  to  eliminate  sidewall  effects,  thus 
model  design  and  fabrication  become  nore  difficult  because  of  space 
linitations .  Ihe  testing  appix>ach  desired  was  to  accoaplisb  static 
pressure,  teeperature,  and  vahe  survey  measureaents  sinmltaneously  with 
blo'wing  from  an  five  rows  of  holes  on  both  surfaces.  Ihis  approach 
reduced  the  nusber  of  pressure  ports  and  thermocouples  that  could  he 
located  in  the  blade  centerplane  region,  hut  still  allowed  a  lainiaua  of 
ten  pi'essure  ports  and  seven  thermocouples  per  blade,  along  VTith  the 
simultaneous  mass  addition  from  both  surfaces. 

The  four  film-cooling  models  were  contoured  from  stainless 
steel  bar  stock  by  conventional  machining  methods.  Spanv;ise  channels 
for  coolant  air  V7ere  drilled  completely  through  the  blade  to  alloH* 
coolant  air  supply  from  both  ends  of  the  blade,  and  blind  channels  for 
access  to  pressure  ports  and  thermocouples  V7ere  drilled  coaxially  from 
opposing  sides  to  within  1/8  inch  of  the  blade  centerplane.  Thermo- 
covples  and  pressure  ports  V7ere  then  located  no  further  than  l/4  inch 
from  the  centerplane.  Rows  of  film-cooling  ports  at  the  desired  spacing 
and  angular  orientation  to  the  surface  and  flow  direction  were  then 
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Fig.  5  -  Viev7  of  HTTAT  faciiity  shcxiving,  left  to  ri^t:  stagnation 
heater,  test  cabin  vriLth  mass  addition  and  pressure  measure¬ 
ment  lines,  and  v/ater- cooled  vertical  diffuser  duct 
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T^le  i  -  Coordi33aces  of  the  TKroine  Airfoil 
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12 
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37 
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13 
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38 
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drilled  cokb  i3irou^  the  blade  sxcrface  by  electrical  discharge 
(EZ4)  ,  a  process  vhereby  the  ratal  is  literally  bttraed  aiiay  by  large 
electrical  current  flow. 

Figure  6  shows  mialitatively  the  basic  features  of  a  filr- 
cooling  rodel.  SierEocoiEpies  were  located  either  on  the  blade  cadber 
line  or  within  0.010  to  0.025  iiich  of  the  surface,  ib  locate  sene  of 
the  therDDcotSJles  near  the  surface,  access  holes  were  drilled  froa  the 
opposite  surface  to  within  the  desired  srnrface  clearance,  ihe  therro- 
coiroles  were  installed,  and  the  access  holes  were  then  filled  with  a 
tCEroerature-resistant  insulating  cesent  and  sroothed  flush  with  the  sur¬ 
face  contour. 


Sie  detailed  disensions  of  the  blowing  geosetries  for  the  filia 
cooling  Eodels  are  prei,  ntea  in  Fig.  7  and  Table  II.  Ihese  georetries 
were  chosen  to  present  contrasts  in  the  angular  orientation  of  the 
injectant  fluid  to  both  the  blade  surface  and  the  flow  direction.  Cer¬ 
tainly  the  case  of  blowing  norEal  to  the  surface  should  be  included 
since  this  is  the  liaiting  case  for  injections  having  incliiations  in 
either  the  streanwise  or  spanwise  directions.  Althou^  the  choice  of 
the  discrete  hole  injection  angles  is  purely  arbitrary,  it  is  still 
necessary  to  prescribe  or  adopt  a  basic  rule  for  specifying  the  size 
and  nrsaber  of  holes  for  each  angular  orientation,  Siis  necessity 
results  primarily  from  the  physicc.1  limitation  that  some  minimum  metal 
thickness  must  be  maintained  between  adjacent  holes  in  a  row  for  the 
case  of  sianwise  blowing.  V/hen  holes  are  drilled  at  seme  angle  9  frem 
the  local  surface,  inclined  in  the  spanrwise  direction,  the  miniber  of 
holes  per  xmit  of  sm'face  span  must  decrease  by  cos  9  if  the  same  hole- 
to-hole  metal  thiclmess  is  to  be  maintained. 


The  method  adopted  for  the  present  study  was  to  specify-  the 
hole  size  and  spacing  in  such,  a  manner  that  for  a  given  coolant  mass 
flow  rate  all  geometries  v;ill  possess  approximately  the  same  coolant 
mass  flu>:  normal  to  the  blade  surface,  v<here  the  nonnal  conqxonent  of 
coolant  mass  flux  (puj^y  is  proportional  to  the  -to-tal  coolant  mass  flow 
rate  m^.  as 


=  K(pu)j.y  (3) 

Some  justification  for  this  criterion  can  be  seen  in  the  fact  that 
transpiration  cooling  effectiveness  for  a  flat  plate  is  correlated 
remarkably  well  by  the  vertical  coolant  mass  flux  in  the  form^® 


n  oc 


(P^)cy  1 

o 


» 


where,  for  transpiration  cooling,  (pu)^  =>  (pu)^y.  Since  (pu)g  is 
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FlK.  6  -  Basic  features  of  the  film-cooling  models 


Table  II  -  Blowing  Geometries  of  the  Film-Cooling  Models 


klv\U*l 

Surface 

Holes 

Per  Row 

e," 

z,  in. 

Suction 

*  7 

12 

90 

.222 

I 

Pressure 

7 

12 

•90 

,222 

Suction 

34 

90 

90 

.055 

II 

PressTire 

34 

90 

90 

.055 

Suction 

17 

30 

90 

.105 

III 

Pressure 

17 

30 

90 

.105 

Suction 

17 

90 

30 

.105 

IV 

Press^lre 

11 

20 

90 

.154 

Surface 

Row  1 

Ro\^  2 

Row  3 

Row  4 

Row  5 

X  for 
blowing 

Suction 

.93 

1.14 

1.35 

1.62 

1.91 

rows,  in. 

(all 

models) 

Pressure 

.69 

.90 

1.16 

1.44 

1.72 

controlled  "by  the  free-stream  conditions  and  since  the  no-blowing 
Stanton  nmber  is  only  weakly  dependent  on  free  stream  conditions 
for  turbiilent  flow),  (P'‘^)cy  primary  independent  variable  for 

transpiration  cooling  effectiveness. 

Applying  Eq.  (3)  to  the  present  film-cooling  case,  we  obtain, 
from  simple  summation  over  all  holes. 


m^  =  =  N(pu)^Ajj  , 


and  from  Fig.  8  we  see  that 

« 


{h) 


(5) 


Using  Eqs.  (3),  (4),  and  (5)>  the  constant  K  is  found  to  be 


K  = 


sin  B 


which  is  more  conveniently  written 

•  Nd^ 

K  a  ; - 

sin  0 


(6) 


Fr5ra  Fig.  9 


W  cos  f  -  -  g\ 
W  / 

z  “  (dH-t) 


(7) 


where  W  is  the  width  of  the  blade  wetted  by  the  coolant.  For  0  <  ^ 
as  is  the  case  here,  cos  (if/2-0)  =  sin  0.  Thus  Eq.  (6)  becomes 


Wd^ 

(d+x) 


(8) 


X  obviously’'  should  be  as  small  as  possible  to  maximize  the  number  of 
holes  per  row  in  order  to  gain  the  best  possible  coolant  distribution. 
Furthermore,  for  a  given  x,  the  matching  constant  K,  as  given  by  Eq.  (8), 
is  primarily  dependent  on  the  hole  diameter  d.  Thus  all  blades  tested 
have  been  designed'with  the  same  orifice  diameter,  d  =  0.028  inch. 
Referring  back  to  Eq.  (6),  the  choice  of  a  constant  diameter  reduces 
the  matching  constant  to 


21 


Ka 


U 


sin  9 


for  all  blades  in  order  to  kcerp  tr»,  sane  soirnsl  ccE^nent  of  13ie  coolant 
sass  flux,  (pu)tj.  ,  for  a  given  coolant  flov  rate  for  aH  blades.  Because 

y 

of  Ibe  use  of  one  extrenely  ssaUav-aiigle  geoEietiy  (12®  fros  tbe  span- 
wise  surface  tangent)  and  fabrication  ccs^lexities,  this  rule  could,  not 
be  auplied  essctly,  but  an  irodels  tested  were  desigi^  and  built  in 
such  a  gamier  tiat  equal  coolant  flow  rates  g^ve  nearly  equal  ve-'tical 
connonents  of  the  coolant  nass  flux. 

2.  Heat  Transfer  I'kmels 


ihe  basic  technique  of  seasureaent  chosen  for  the  detemixs-tioa 
of  no-blowing  heat  transfer  rates  over  the  turbine  airfoil  eroloyec  the 
transient  thin-skin  thernsxaetiy  gethod.  His  sethod  of  neasaresent 
placed  tno  primary  design  requiresents  on  the  heat  transfer  rodels; 
namely,  ti^t  a  Eodel  had  to  be  irqmlsively  iimersed  in  the  pre-existing 
steadj’’  state  flow  field  and  that  a  large  portion  of  ihe  laodel  surface 
had  to  be  ccsposed  of  a  thin  metallic  skin. 

The  first  requirement,  that  of  irpulsive  insertion  into  the 
pre-existing  flov;  field,  was  accoaplisbed  by  the  use  of  a  slave  blade 
having  the  same  profile  as  the  heat  transfer  model.  A  two-dimensional 
flow,  such  as  that  over  the  single  turbine  airfoil  in  a  contoured 
chaimel,  is  ideally  suited  for  this  t?chniqae  since,  by  iise  of  a  span- 
wise  elongated  model,  the  tes'^  cabin  blockage  can  be  kept  constant  dur¬ 
ing  insertion,  -ihe  technique  adopted  was  to  link  the  slave  blade  to 
the  heat  transfer  model  and  allow  the  insertion  of  the  heat  transfer 
model  to  simultaneously  expel  the  slave  blade.  Two  heat  transfer  blade  ' 
were  used  in  this  study,  one  for  measurements  on  each  of  the  pressure 
and  suction  srirfaces.  Figure  10  shows  a  heat  transfer  model  and  slave 
blade  combination. 

Each  of  the  t\ro  heat  transfer  models  vas  fabricated  from  solid 
stainless  steel  stock.  Tiro  techniques  of  obtaining  a  thin  skin  siirface 
'  were  used.  For  the  pressure  surface  mo  lei,  a  rectangular  region  l/2  x 
i“5/32  inches  was  machined  out  of  the  suction  surface,  leaving  a 
0.010-inch  thickness  of  base  metal  on  the  pressure  surface.  For  the 
suction  surface  measuring  model,  a  similar  rectangular  cutout  was 
machined  corapletflj’-  through  the  blade  and  a  0.010-inch-thick  sheet  of 
stainless  steel  was  welded  flush  to  the  surface.  After  therraocorrole 
installation  on  the  imderside  of  each  thin-skin  surface  on  both  models, 
the  cutout  portion  was  refilled  with  hi£^  temperature-resistant  insulat¬ 
ing  cement  and  smoothed  flush  with  the  surface.  Figure  U  shov/s  the 
dimensions  of  each  heat  transfer  model  and  the  location  of  the  thermo¬ 
couples  . 
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Suction  surface  no-blo;njig  heat  transfer  model  (fcreground) 
joined  mth  slave  blade 
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Fig.  U  -  Pressure  and  suction  surfF.ce  heat  transfer  models 
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froEE  zisa  maslr^l  0.€fiD  incii  thicBa^ss. 


« 

isstr?aientation  used,  ffor  control  off  fee  ffacilits'  »ias 

essentially  tise  sane  as  feat  tised  on  fee  OScEi^HL  i2-inch  nyoersonit 
•Kind  ferrnel.  ana  as  sfeh  it  nas  seen  veH  nrox  en  or er  sereral  years  off 
use,  5be  stagnation  pressrre  »as  monitored  by  a  EeHcoid  iaboratorj 
gauge  baying  an  accuracy  off  ±0.1  psig-  Stag*stioa  terserature  »as  mea- 
saiad.  yust  ttpstreaa  off  fee  ffacility  by  a  piatinun-piatisma  ibodiis 
feexmocouDie  ■aife  a  rr^.T-irnra  error  off  ±10®F.  tsaserature  uas  dis¬ 

played  continaoasly  on  a  Brofon  strip  recorder  and,  along  mife  fee  stag- 
jEtion  pressure,  uas  used  to  maintain  constant  fflos  conditions  fercu^ 
fee  use  of  an  aat<XEtic  control  ^jstea. 

Pressure  measxnrenents  ffor  fee  ffiln-cooiing  model  tests  aere  made 
by  botn  transd'ucers  and  nercuiy  mammsster  tubes.  Static  pressures  on 
fee  model  suirfface  and  test  c^in  vails  vere  measured  'using  a  25-tube 
mercury  manometer  bank.  Total  press'dres  at  both  fee  inlet  and  in  the 
•jrahe  surv'ey  location  O.63  inch  covnstreaa  of  the  blade  vere  recorded 
continuo'dsly  using  strain  gauge  and  variable  reluctance  transducers. 
Iheir  o'otpot  vas  fed  to  an  analog  ccmputer  for  printout  and  visual  dis¬ 
play  on  plotters.  5he  cocputer  vas  used  to  ir>n-dimensionalise 

the  decrease  in  VEke  total  pressinre  (p-j^  ^  continuously  dividing 

the  mecis'ared  decrease  by  the  inlet  total  pressure,  .  Siis  technique 
vas  employed  to  mininize  the  effect  off  any  variation  off  the  inlet  total 
pressure  during  a  vaJie  survey.  Bie  vake  total  pressure  survey  probe 
vas  mechanically  linked  to  the  core  of  a  cylindrical  lineair  differential 
transfoimier  (LTD) .  The  LTD,  using  a  pcjvrer  supply,  provided  the  analog 
conrputer  with  a  linear  volt^e  output  vjhich  was  porportional  to  the 
position  coordinate  y  of  the  v;ake  survey  probe.  Micrometer  calibration 
of  the  system  shov/ed  a  maximum  deviation  from  coirolete  linearity  of 
only  ±1^  over  the  1-inch  total  travel  of  the  proble.  To  achieve  a 
steady  and  smooth  rate  of  probe  travel,  a  fine  threaded,  manually 
operated  scre^r  advance  was  installed  on  the  survey  probe.  Figure  22 
shows  this  total,  pressure  measurement  system  schematically. 

Coolant  air  vra.s  supplied  independently  to  each  svirface  of  the  film- 
cooling  blades  and  test  cabin  vra.lls.  Each  film-cooling  surface  received 
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"x-y"  Plotter 


Fig.  12  -  Schematic  of  the  >/ake  total  pressvire  sensing  system 


csjoHasni  basSs  ii=rrtn<^  of  tjrjg  a^g^e  gwii  all  a-jy  fe£<Sii3g  a  given 

sEEsrSace  ■were  ftei  fisHB  a  n^nnTmta  jasrrifblisi.  'SEes  csjolanri  air  fTcsr  iisto  cacls 
uauifolfi  MS*;  i nflT^j^pTarryiawir.'B j  cacsferoilsi.  a  Etaive  and  nieterssi  by  iise  of  a 
a  fwynrifgi  Be  ia*ai  sozzle  iritis  BasssrScn  pressazre  gages  smstrieESE  arng  (Scwh- 
<rfyTsg-t7>  of  tbs  cjHsstiictiiiJis. 


SteaSy-state  tengeratEsres  is  iJES  f i igt-ODolirg  airfoils  srere  sessei 
by  yhygrrmai  -aiTfftT/si  tbifynmiTvni^T  p?  ceTSsicslly  issHiated  in  a  staisless 
stesL  siealiE  of  0.0^  diaaster-  ibe  tbesaacoaglss  were  fcsnid.  to 
■fas  accurate  to  ±5®?- 

A  soESirbet  differest  isstrsnsstatiDS  prbblsa  was  posed,  fay  tise  ten- 
perstsre  CTv°ta«3irrtfa-rx»CTf.  rssnsireassts  of  tbs  beat  traasfer  Hsodels-  ibe 
Eeasgreroest  of  beat  tra^fer  rates  over  a  'body  surface  bas  faees  perforssd 
previoasly  at  OSuSAHL  is  ■jilsi  tiEssels.  usiag  tbis-sbin  ibesHKEstry  and 
rapi'd  irjseartics  isto  tbe  flow.^  tetdssioite  deterssises  tbs 

aeroi^THaic  beating  of  tbe  skis  by  y!ft3«ar»~^Ti^  tbe  transient  tesgeratare 
rise  of  ibe  sVE"  and  relatisg  this  to  ibe  beat  absorbed  tbroa^  a  beat 
balazKie  equatios.  Sie  reqairssent  tlat  ibe  insertion  tins  of  ibe  nodel 
"bs  ertresiejy  sbor*t  bas,  for  wind  tassel  testing,  bees  satisfied  fay  using 
a  pseisatic  ran  piston  to  rapidly  nove  ibe  sodel  away  free  tbe  test 
r^n-En  -Kail  region  insert  it  isto  tbe  flow  core.  For  tbe  present 
case,  wbere  ibe  flow  area  blockage  oj  the  airfoil  is  large,  a  slave 
"blade  was  positioned  is  tbe  flow  to  establi^  tbe  proper  flow  field. 

‘See  slave  blade  and  model  were  joined  physically  by  as  insulator  which 
was  contoured  to  the  airfoil  profile.  Openings  in  the  test  cabin  side- 
wall,  which  were  also  contoured  to  the  blade  profile,  allowed  the  sirsil- 
taneous  insertion  of  the  model  aM  withdrawal  of  the  slave  blade.  Pres¬ 
surized  canisters  on  each  side  of  ibe  test  cabin  minimized  leakage 
throu^  the  clearance  between  the  blades  and  the  contoured  cutoiit.  A 
pnounatic  piston  provided  the  ram  force  to  insert  the  models  with  an 
insertion  tine  of  appro:-rigately  0.1  second.  Figure  13  shows  the  heat 
transfer  neasurement  apparatus  installed  on  the  HTIEAT  facility. 


The  heat  transfer  nodels  employed  copper-constantan  thermocouples 
attached  to  the  underside  of  the  thin-skin  portion  of  the  model.  The 
thermocouple  junctions  were  first  made  and  then  attached  to  the  metallic 
skin  rising  epoxy  resin  cement.  AH  junctions  survived  a  minimum  of  30 
impulsive  insertions  and  5  of  these  survived  over  50  runs,  ihermocoirole 
leads  were  carried  outside  the  cabin  throu{^  the  hoUovi  shaft  used  to 
drive  the  model  into  the  flow.  Figure  l4  shovis  schematically  the  method 
used  to  obtain  temperature  vs.  time  plots  each  time  a  model  vas  inserted 
into  the  flow.  The  millivolt-strength  signal  from  a  thermocouple  was 
amplified  by  a  Doelcam  preamplifier  and  then  fed  to  the  analog  computer. 
Here  the  signal  vas  further  amplified  and  the  output  was  displayed  on 
an  "x-y"  plotter.  Although  four  separate  thermocouples  v:ere  handled 
simultaneously,  each  thermocouple  circuit  was  separately  calibrated. 
Plotted  voltage  output  v/as  easily  converted  to  tenroerature  using  standard 
tables.  The  rate  of  plotter  pen  travel,  equally  important  as  thermo¬ 
couple  output  to  the  accuracy  of  the  final  result,  v7as  controlled  by  a 
time  integration  circuit  in  the  analog  computer. 
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Fig.  13  -  View  of  heat  transfer  measuring  apparatus  installed  on 
KTT.AT  facility  test  cabin  sha/viing  pressiorized  canister 
and  pneumatic  ram  piston  (foreground)  tised  to  insert 
heat  transfer  model  into  test  cabin  flov; 
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Fig.  l4  -  Schema-tic  of  heat  transfer  measurement  syston 
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Eressure  iSiezstxTesssts  for  tbe  ~sez.i  ir^issfer  tests  vere  required 
fiTiiy  at  laie  test  ijviet  for  iae  detemruation  of  fLcw  coralitipB. 


m.  EXFZRB^TSAL  HJOGRAM 


A.  JSEFUnnOIX  OF  THE  BIOMUTG  B»JtW4B5ER  3 


The  present  experinental  technique  of  fils  cooling  either  or  both 
of  the  turbine  airfoil  surfaces  corrolicates  the  probles  of  deteraining 
an  appropriate  independent  bloo'ing  paraneter  by  which  the  fila-cooling 
effectiveness  q  and  the  loss  coefficient  u  rsay  both  be  indexed.  Sie 
problea  stems  frcEi  the  basic  point  of  view  by  which  each  of  the  coeffi¬ 
cients  q  and  fc)  is  considered,  ‘aie  film-cooling  thermal  effectiveness 
is  classically  treated  as  a  stream- surface  interaction  problem  and  has 
generally  been  studied  both  analytically  and  experimentally  as  a  func¬ 
tion  of  stream-to-siirface  conditions-  Thus  the  basic  parameter  in  film¬ 
cooling  correlations  is  Ms/x,  where  M  =  (pu)<»/(pu)e  is  the  total  coolant- 
to-freestream  mass  flux  ratio,  s  is  the  slot  hei^t,  and  x  is  the  surface 
distance  frcsi  the  coolant  injection  slot  to  the  point  of  interest.  This 
parameter  gives  no  indication  of  the  ratio  of  coolant-to-freestream  mass 
florw  rates,  denoted  here  as  5  =  ,  which  is  the  basic  parameter  by 

which  turbine  cooling  flo>7  losses  are  usually  correlated  in  standard  jet 
engine  cycle  analyses.  Furthermore,  if  the  number  of  surfaces  cooled  is 
a  variable,  as  in  the  present  study,  then  a  common  value  of  Ms/x  for 
each  surface  corresponds  to  various  values  of  |,  depending  on  the  number 
of  surfaces  cooled.  The  basic  film  cooling  tarametcr  Ms/x  appears 
unsuited  for  the  correlation  of  film-cooling  effectiveness  in  the  present 
study  for  one  other  reason  also.  This  is  the  fact  that,  vjhen  multiple- 
row  cooling  geometries  are  employed,  the  choice  of  an  x  value  to  be  used 
in  the  parameter  is  not  readily  apparent.  Also,  an  x  value  is  difficult 
to  define  when  considering  the  use  of  the  parameter  to  correlate  flov: 
losses  measured  aft  of  the  airfoil.  The  value  of  M  to  be  used  in  such 
a  correlation  is  also  not  readily  defined  since  M  =  (pu)c/(pu)g  is  a 
variable  over  the  airfoil  surface  due  to  the  variation  of  (pu)g. 

In  order  to  cirevunvent  the  problems  outlined  outlined  above,  a 
dimensionless  blowing  parameter  has  been  defined  for  this  investigation 
which  serves  as  a  useful  parameter  for  examining  both  t)  and  u.  Denoted 
as  B,  this  blowing  parameter  is  defined  as 

,  (9) 

where  F  =  (pu)^,/(pu)i  the  ratio  of  the  coolant-to-inlet  mass  fluxes; 

■B  =  A„A,  the  equivalent  slot  height  for  a  single  row  of  holes;  and 
c  =  ncsninal  model  chord,  equal  to  2  inches  for  the  present  airfoil.  The 
equivalent  slot  hei^t  is  defined  in  a  manner  similar  to  that  used  by 
Papell,®  as  shown  in  Fig.  15.  The  equivalent  slot  hei{^t  b  thus  definc;s 
the  slot  height  v/hich  would  pass  the  same  coolant  per  unit  span  as  does 
one  row  of  the  discrete  holes  being  employed. 
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Equivalent 
Slots 


A  physical  interpretation  of  B  can  easily  be  stated.  Noti'^  that 
c/2  =  1  inch,  B  may  then  be  vrritten  as 

B  =  10=  . 

(puji  (1-1) 


Thus  B  is  equal  to  10®  times  the  coolant  mass  flovr  rate  per  unit  span  of 
of  the  blade  emanating  from  one  row  of  discrete  hcles,  divided  by  tlie 
inlet  mass  flow  rate  per  unit  inlet  area.  Since  five  rows  of  discrete 
holes  are  employed  on  both  stirfaces  of  each  film  cooling  model,  B  is 
thus  proportional  at  all  conditions  to  the  coolant-to-inlet  mass  flow 
rate  ratio  per  surface  per  tinit  span.  It  should  be  noted  that  B  is  also 
proportional  by  a  constant  to  the  mass  flovf  rate  ratio  5  but  the  con¬ 
stant  of  proportionality  is  slightly  different  for  each  film-cooling 
model.  This  slight  variation  of  the  constant  of  proportionality  arises 
from  the  fact  that  model  fabrication  problems  precluded  the  exact  satis¬ 
faction  of  the  stipulation  discussed  in  Section  II  B;  name.ly,  that 
eq”al  coolant  mass  flow  rates  should  correspond  to  equal  vertical  com¬ 
ponents  of  the  coolant  iiiass  flux  ratio.  Figure  l6  shows  the  proportion¬ 
ality  bet\'/een  ^  and  B  for  each  of  the  film-cooling  models  for  the  con¬ 
dition  of  simultaneous  blowing  from  the  suction  and  pressure  surfaces. 
The  slope  of  each  line  in  Fig.  l6  is  reduced  by  a  factor  of  1/2  if  only 
one  of  the  surfaces  is  film  cooled. 

For  simplicity  in  later  discussion,  the  blowing  modes  have  been 
designated  using  upper  case  letters;  S  (suction  surface  cooling  only), 

P  (pressure  surface  cooling  only),  and  S  +  P  (both  surfaces  cooled  using 
equal  coolant  mass  flovr  rates). 


B.  TEST  COIDITIONS 

The  conditions  for  the  present  investigation  were  chosen  to  simu¬ 
late  the  environment  that  might  be  found  in  a  high-temperat\xre,  film- 
cooled  turbine  aboard  an  advanced  supersonic  aircraft.  The  nominal 
conditions  chosen  for  the  film  cooling  tests  were 

P^  =  3  atmospheres 

T^^  =  500‘’F,  1000°F 

Tg  =  75°F 

with  an  inlet  Mach  number  betvjeen  0.3  and  0.4.  Two  test  cabin  exit 
nozzles  were  used,  resvilting  in  inlet  total-to-downstream  static  pres¬ 
sure  ratios  across  the  airfoil  of  Pt^^/Ps  =  1*5  and  1.7.  These  values 
were  chosen  since  they  gave  v/hoUy  subsonic  and  transonic  flow,  respec¬ 
tively,  over  the  film-coo] '^d  region  of  the  suction  surface. 
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Bie  inhere  Reynolds  lEzriber-per-fcot  range  Tor  xiie  filn  coolliig  tests 


2x2C^<He,  <h:cl(P 

and  coolant-to-inlet  flxT#?  ratios  tested  were  in  the  range 

0  <  i  <  0.21  . 


2he  desi^  of  the  facilily  and  nodels  nade  it  possible  to  fiiin-cool 
each  surface  of  the  codel  iidepoiidentiy,  either  singly  or  similtaneously 
It  was  decided  to  test  an  film-cooling  rsodels  with  blowing  frcEJ  each 
surface  alone  and  with  blowing  fitxa  both  surfaces  simultaneously  in 
order  to  ‘evaluate  the  separate  effects.  However,  whenever  both  sur¬ 
faces  were  cooled,  equal  coolant  mass  flow  rates  were  emitted  from  each 
surface.  In  addition,  a  limited  rroniber  of  runs  were  made  vrith  IJodel  I 
in  which  coolant  was  injected  from  the  test  cabin  walls  to  simulate  blow 
ing  on  adjacent  airfoils. 

Figure  17  shows  the  nominal  coolant  velocities  for  the  various 
models  and  their  respective  surfaces.  These  values  of  are  based  on 
the  assumption  that  the  pressure  of  the  coolant  as  it  crosses  the  siir- 
face  plane  is  equal  to  the  average  static  pressure  of  the  region  of 
injection  for  that  particular  surface. 
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Fig.  17  -  Nominal  coolant  velocities  for  film-cooling  model 
surfaces 
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53ie  DD-bicKfiEg  beat  transfer  testing  vas  cosanetea  at  lEsrer  inlet 
tsiperatures  mrt  over  a  greater  range  of  inlet  pressures  in  order  to 
cover  the  sa3e  rai^e  of  Rg^*  as  vas  included  in  ibe  fils-cooling  tests. 
Bie  testing  range  for  the  neat  transfer  erperisents  was 


200“?  < 

23  psia  <  P-j^  <  45  psia 
2  X  1£P  <  <  5.5  X  ICP 

Bie  vail-to-total  temperature  ratio  (T^'/T^,  )  was  Eaintained  in  the 
vicinity  of  0.75  to  O.8O,  which  is  ccsnensurate  with  vahres  that  were 
measured  in  the  film  cooling  tests. 


C.  TEST  iBOCEDURES 

Two  basically  different  types  of  tests  were  performed  in  this  study; 
i.e.,  the  film-cooling  measurements  and  the  no-blowing  heat  transfer 
measurements. 

Film-cooling  models  were  installed  in  the  HTTAT  Facility  throti^ 
the  contour  cutouts  in  the  sidewall  mounting  plates.  All  model  instru¬ 
mentation  leads  (pressure,  coolant,  and  theimocouple)  were  brou^t 
through  the  blade  ends  and  the  remainder  of  the  cutout  vras  then  filled 
with  hi^-temperature  insvQating  cement  to  both  hold  the  blade  in  posi¬ 
tion  and  provide  a  sealant  against  leaks .  The  facility  test  cabin  was 
visually  assembled  around  each  film-cooling  model  and  then  attached  to 
the  heater  via  the  transition  section.  This  precluded  visual  inspection 
of  the  model  or  total  pressui'e  probes  bet\-feen  assembly  and  disassembly. 
The  models  and  probes  vrere  carefully  checked  visually  for  any  struct\jral 
damage  both  before  and  after  testing.  Only  the  characteristic  discolor¬ 
ing  of  stainless'  steel  resulting  from  exposure  to  elevated  temperatures 
was  observed.  Total  pressure  probes  of  l/l6-inch  diameter  stainless 
steel  were  employed  and  no  evidence  of  probe  bending  or  vibration  was 
forind  either  during  or  after  the  testing. 

A  typical  test  of  a  film-cooling  model  was  always  preceded  by  a 
calibration  of  the  pressrire-sensing  system  used  to  survey  the  wake 
total  pressure.  Once  the  systsn  had  been  calibrated,  primary  air  flov; 
was  begim,  the  flow  was  brou^t  to  the  correct  stagnation  pressrire  and 
temperature,  and  the  automatic  control  system  then  assumed  control  to 
maintain  constant  flow  conditions.  A  series  of  blowing  conditions 
were  then  tested,  usually  beginning  and  ending  with  a  no-blowing  condi¬ 
tion.  At  each  condition,  after  waiting  a  period  of  j.O  to  15  seconds 
for  complete  themnal  and  pressure  equilibrium  to  be  achieved,  the  wake 
survey  was  made.  About  one  minute  was  the  usual  time  to  traverse  the 
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l-isich  hei^st  or  tee  creaimel  dcBmstreass  of  tse  airfoil  larailiEg  eSge. 
Oace  the  probe  had  been  witbidnam  from  the  flow,  the  static  pressure 
isanccscter  bai^  uas  sealed  and  the  iS-povist  Brown  recorder  tripped  to 
record  the  airfoil  temperatares.  ihe  static  pressures  cjsald  then  he 
lY-ad  from  the  sealed  rran^eter  bank  as  the  coolant  flow  rate  was  changed 
for  the  next  blowing  condition. 

rest  procedures  for  the  ixt-blowing  heat  transfer  n^suresents  were 
identical  to  Ihose  for  the  filrs-cooling  tests  with  regard  to  facility 
start-wp  and  control  of  prirary  flow  conditions.  5he  I2e^c^!ry  nanssaeter 
hank  was  used  only  to  check  static  pressures  in  the  test  cabin  since 
inlet  stagiaticKi  and  static  pressinres  were  measured  by  pressure  trans- 
diKiers  iJsing  the  same  pressure  n^sursaent  ^'stea  as  was  used  for  the 
filn-cooling  tests.  Each  of  ihe  four  themoccimles  was  calibrated 
indemendently  prior  to  and  after  a  test  run.  Ito  wake  total  pressure 
surveys  were  conducted  during  the  heat  transfer  phase  of  the  investiga¬ 
tion. 

The  slave  blade  was  positioned  in  the  flow  and  the  heat  transfer 
Eodel  located  in  the  sealed  canister  while  the  inlet  flow  vras  brou^t 
to  the  desired  conditions.  As  the  flovr  pressure  was  increased  during 
start-up,  the  pressure  supply  to  the  sealed  canisters  on  the  facility 
sidewall  was  correspondingly  raised  to  prevent  hot  test  cabin  air  fross 
entering  the  canister  containiiig  the  heat  transfer  model  since  it  was 
necessary  to  ksOT  the  model  as  cool  as  possible  prior  to  insertion. 

The  model  was  somevmat  heated  by  conduction  from  the  slave  blade,  but 
the  insulator  connecting  the  tvTO  reduced  this  considerably.  VHien  model 
temperature  did  rise  above  tolerable  levels  during  extended  operating 
times,  the  air  supply  to  the  canisters  vras  temporarily  increased  to  cool 
the  model.  Tne  eontoxir  cutout  in  the  sider^all  throu^  v?hich  the  model 
entered  and  the  slave  blade  exited  the  test  cabin  v;as  only  0.002  inch 
larger  in  overall  clearance  than  the  model  profile,  resulting  in  negli¬ 
gible  axr  flow  bet\?een  canisters  and  test  cabin  as  long  as  pressure  dif¬ 
ferentials  were  held  v;ithin  5  psi. 

Ihe  "x-y"  plotter  pen  travel  was  begun  one  to  three  seconds  before 
model  insertion,  depending  on  the  time  base  being  employed.  Pen  speeds 
.  of  1  to  3  inches  per  second  were  used  to  traverse  the  15-inch-vdde  chart 
paper.  FoUovring  the  recording  of  the  initial  temperature  rise,  the 
model  was  allowed  to  remain  in  the  flov^  until  the  rate  of  skin  tempera¬ 
ture  increase,  as  shovm  on  the  analog  computer's  digital  voltmeter,  had 
fallen  to  approxiraateli*  l^F  per  minute.  These  terminal  values  were 
then  recorded  as  adiabatic  wall  temperatures  (Tav/)  for  subsequent  heat 
transfer  calculations. 


D.  DATA  REDUCTION 

Standard  laboratory  procedures  were  used  to  reduce  all  manometer 
tube  x^rossure  data,  and  calibration  information  for  all  pressure  trans¬ 
ducers  was  entered  into  the  analog  computer  to  enable  direct  computer 
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catjoat  in  psia  ajsfi/or  ratio  abisa.  Srb  oata  resnction  proceferes  csserre 
ssntion  at  this  paint.  Siese  are  iiie  nstiMjSs  of  infeegrating  tne  trzks 
total  pressnre  loss  ana  iiae  rrf^.rtmsnr  ±n  ^giida  na-blcairg  i»eat  transfer 
was  inferred  frosi  the  transient  tezgeratare  tine  isistories- 

Sie  pzrevioas  discaission  of  ti^  waie  total  pressare 
systea  (Section  n  c)  pointed  cat  that  the  data  ontprt  of  tne  aialog 
coHpater  was  in  tiie  fom  (P-j^  -Ps^)/?^^  -»s.  y,  a  plot  of  tire  nonainen- 
sional  total  pressure  defect' across  tns  wake  as  a  fonction  of  the  posi¬ 
tion  coordinate  noisal  to  liie  flo«.  ine  total  pressure  loss  coefficient 
is  defined  for  this  in/esti^tion  as 


f 


(10) 


■imere  2/2  is  the  hei^t  of  the  cdiannsl,  eqiml  to  one  inc^.  ihe  integra¬ 
tion  distance  was  chosen  to  be  ±  O.3  inch  froEa  the  channel  centerline 
in  order  to  include  that  portion  of  the  wake  affected  by  the  airfoil 
but  avoid  the  regions  containing  the  boundary  layers  of  the  test  cabin 
vails,  ihus  q  nay  be  written  as 


■(0.3 


5 


(31) 


and  under  tbe  assunrotion  of  constant  static  ■D.'essure  across  the  wake, 
(11)  becomes 


Equation  (12)  shows  that  the  "x-y"  plotter  output  covild  he  integrated 
directly  and  used  to  calculate  u,  which  vjas  done  using  a  planimeter. 

Glie  transient  thin-skin  thermometry  method  of  measviring  heat  trans¬ 
fer  allows  the  calculation  of  the  surface  heat  transfer  to  the  thin  skin 
by  knovzledge  of  the  skin  properties  and  the  initial  slope  of  the  temper¬ 
ature  vs.  time  plot.  The  heat  balance  equation  which  applies  is 


4  =  wg 


(13) 


ho 


■sDseare 


o  =  BS3CC  'SSX&  jer  ■EEaix  sszfscc  fixes.. 


Cy^  =  sgecxfic  feea.'t  Oi.iSie  isstsl  skis, 

=  Esstal  density, 

L  =  Esetfil  taicisisss, 

T  =  E^tal  "feeiiBeratiire,  g«d 
■fc  =  tirie, 

Bie  V2lii&  used  for  the  stainless  steel  skin  erolpyed  on  the  h^t  trans¬ 
fer  nodels  oere 


Q.«  =  0.120  3tu/D>^?  , 

Pj.j  =  0.290  li^in.®  ,  and 

L  =  0.020  ini>>>  . 


Values  of  dT/dt  were  obtain^  by  neasuring  the  initial  slope  of  the 
plotter  output  and  using  standard  copper- const antan  themocouple  tables. 
Differentiation  of  the  transient  teaperature  output  vas  not  perforsed 
by  the  analog  ccaputer  since  any  filtering  v;ould  have  decreased  the  time 
response. 
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U.  g'i'PffPfW.W'i^gaT,  E2S5Il^ 


A.  i®3SSiHS  DISSHIBSJriCSS 


Static  pressaires  were  neasiirec  at  a  niTrjTgim.  of  10  sarface  IccaticES 
on  filE-ccoiing  rTiVra-i^;  for  inlet  stagEstion  tasneratnres  a£  ^K)®F 
lOOO®?  aTTia  a  variety  of  bloHii^  coniitions.  ihe  cccplete  static 
pressure  cata  are  presented  in  TTT  -  ;*  ■  ■  ■  (Appendix  c)  only 

bne  data  cbtainsd  at  =  100D®F  are  shonn  in  Figs.  iS  -  29-  Distriirei- 
tions  obtained  at  tne  lexer  stagnation  tenperature  of  500°?  are  essen¬ 
tially  tile  sane  as  those  shosn  in  these  figtires.  Carves  have  been 
faired  threap  the  data  points  except  ■xhere  the  resultant  croxding  aOtild 
be  confusii^.  in  such  cases  chly  the  no-bloxing  distribution  is  3repre- 
sented  b^  a  curve. 

Figures  ifi  -  21  shox  a  narked  departure  of  the  pressure  distribu¬ 
tion  on  the  suction  surface  of  wodel  I  (12®  sranxise  bioxing)  fron  those 
ineasured  on  the  other  nodels.  irregularity  xas  at  first  throu^  to 

be  a  fault  of  the  neasureaent  gysten,  but  extensive  checking  of  the  es.- 
ncueter  bank  a»>n  presstire  lines,  plus  additional  test  runs,  revealed 
that  such  a  variation  does  indeed  occur.  Possible  reasons  for  this 
irregularity  are  discussed  in  Section  Tv'.  Figures  iS  -  21  present  data 
for  l‘5odel  I  obtained  uith  four  different  bloxing  nodes.  The  norral 
nodes  of  S,  P,  am  S  -r  ?  blowing  were  tested  on  all  models,  however. 

Fig,  21  presents  data  obtained  during  blowing  from  both  the  model  ar^ 
the  contoured  test  cabin  vails  to  simulate  the  effect  adjacent  film 
cooled  blades.  Figures  22-29  show  static  presstjre  distributions  on 
Itodels  II  (90®  blowing).  III  (30°  stenwise  blovring),  and  IV  (20®  span- 
wise  P  blonring  and  30“  chord^fise  S  b.'o'wing) .  Since  Model  IV  v;as  the 
only  model  tested  possessing  dissimilar  S  and  P  blcn-ring  geometries, 
plots  eire  presented  showing  both  S  and  S  -f  P  blowing  for  this  model. 
Throu^out  the  testing  program  it  was  obser/ed  that  P  blovring  has  a 
negligible  effect  on  the  static  pressure  distribution,  hence  only  S 
blo>n.ng  data  are  presented  graphically  for  Models  II  and  III,  in 
Figs.  22-25.  Data  are  presented  for  Models  II,  III,  and  IV  for  the 
two  blade  pressure  ratios,  P^/P^  =  1.5  and  1.7.  Bearing  in  mind  that 

for  7  =  1.4  the  sonic  P/Pt  is  0.53,  the  no-blov7ing  data  show  that  for 
P^/p^  =  1.5  the  suction  surface  is  wholly  subsonic.  Suction  sxirface 

flow  is  transonic  for  P+  /Ps  =  1.7  althou^'  in  the  region  of  the  rows 
of  coolant  holes  (0,93  <  I.9I  inches)  the  flovr  is  v/holly  supersonic 

for  the  no-blowing  condition. 

Since  all  static  pressure  data  v/ere  obtained  using  standard  man¬ 
ometer  techniqi^cs  at  pressures  v/hich  gave  relatively  large  mercury 
column  deflections  of  between  10  and  50  inches,  the  acciuracy  of  the 
data  can  be  placed  at  approximately  ±  1^,  limited  primarily  by  the 
ability  of  the  observer. 
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Fig.  l8  -  Static  pressure  profiles  for  S  blovring  on  Model  I 
(12“  spanv/ise  blowing) 
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Fig.  2k  ~  Static  pressxire  profiles  at  /P2  =  1.5  for  S  blowing 
on  Model  III  (30°  span\^ise  blowing) 
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essure  profiles  at  /Pg 
III  (30°  spanwise  blowing) 


=  1.7  for  S  blowing 


Fig.  27  -  Static  pressure  profile 
on  Model  IV  (30°  chordw: 


at  =  1.5  for  S  +  P  blowin 

e  S  blowing  and  20°  sparo^ise  P 


B.  WAI3  TOTAL  iSESSURE  BATA 


Surveys  of  the  wake  total  pressure  were  ootained  at  a  distance 
0.63  inch  downstrean  of  the  trailing  edge  for  all  fiha-cooling  laodels. 
Surveys  were  cade  for  both  of  the  tested  blade  pressure  ratios  and  at 
inlet  total  teEperatures  of  both  yOO^F  and  lOCK)®?.  Siese  data  were 
received  in  the  nondimensional  fom  shown  in  Figs.  30  and  31?  which 
^cw  actual  surveys  obtained  at  large  nass  addition  rates.  Integrals 
of  the  neasured  vrake  total  pressure  surveys  are  shoim  in  Figs.  32  for 
the  Tt^  =  1000'’F  and  Ft,  /?2  =  1.5  conditions.  Eiese  values  are  indi¬ 
cative  of  the  loss  coefficient  w  since  they  differ  from  the  coefficient 
by  the  factor  (l  -  )j  which  is  essentially  a  constant  determined 

by  the  size  of  the  exhaust  nozzle  of  the  test  cabin.  Values  of  the  mea¬ 
sured  integrals  and  the  corresponding  loss  coefficients  are  presented 
for  all  tested  conditions  in  Tables  XIV  -  XXV.  The  accuracy  of  the 
results  'wks  limited  primarily  by  the  flow  fluctuations  which  were  evi¬ 
dent  in  mny  of  the  runs.  These  variations  could  not  be  removed  by 
filtering  since  rapid  time  response  of  the  pressure  measirreanent  system 
had  to  be  maintained  if  survey  times  were  to  be  kept  reasonably  short 
(1  minute) .  However,  sixrvey  profiles  vrere  found  to  be  repeatable  -vriLthin 

±5^  of  the  peak  value. 

C.  Fim-COOLraG  TEI-IPERATUHE  MEASUREt-ffiNTS 

Thermocouples  located  within  each  film-cooling  model  vrere  monitored 
to  evalxiate  the  steady  state  cooling  of  each  model.  Temperatures  at 
various  stations  along  the  model  camber  line  vrere  recorded  for  the  test¬ 
ing  of  Model  I.  Both  camber  line  and  surface  temperatures  vrere  monitored 
for  the  remaining  models  in  order  to  determine  the  significance  of  both 
the  internal  cooling  and  the  conduction  of  heat  from  the  uncooled  sur¬ 
face^  when  only  one  airfoil  surface  vras  film  coolea.  Figure  33  presents 
typical  chordvrise  temperature  distributions  along  the  camber  line  of 
Model  I.  Such  data  are  useful  primarily  in  examining  the  overall  cool¬ 
ing  of  the  airfoil  and,  as  seen  in  Fig.  33>  shovr  that  as  coolant  flow 
rates  are  increased,  the  gains  in  cooling  become  smaller  in  terms  of 
actual  temperature  reduction. 

Temperature  data  obtained  from  the  thermocouples  located  v?ithin 
0.010  to  0.025  inch  of  the  suction  surfaces  of  Models  II,  III,  and  IV 
gave  a  more  valid  indication  of  the  film-cooling  effectiveness  and  are 
the  data  used  in  the  film-cooling  analysis  of  this  investigation. 

Figvure  34  shows  typical  suction  surface  temperature  profiles  for  both 
S  and  S  +  P  blov/ing  on  Model  II.  The  data  show  that  suction  surface 
temperatures  are  considerably  reduced  when  S  blov/ing  is  modified  to 
S  +  P  blov/ing.  This  reduction  results  in  large  part  from  the  reduction 
of  heat  conduction  through  the  blade  from  the  uncooled  pressure  surface, 
but  is  also  partly  a  result  of  additional  internal  cooling.  Thiis  the 
data  obtained  from  the  suction  surface  thermocouples  should  not  be  inter¬ 
preted  as  tnxe  film-cooling  adiabatic  vrall  temperatures.  This  point, 
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Fig.  30  >•  Typical  wake  total  pressure  surveys  for  massive  blowing 
at  P^^/Pa  =  1.5 
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Fig.  31  -  Typical  wake  total  pressure  surveys  for  massive  blowing 
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Fig.  34  -  Suction  surface  temperature  profile  for  S  and  S  +  P  blowing 
on  Model  II  (90°  blowing) 


alDDg  with  the  inteipretation  of  the  tejnperature  data  is  further  anrpli- 
fied  in  Section  V.  An  accuracy  of  ±  5"?  say  he  ascribed,  to  the  tesnpera- 
ture  data,  which  aie  presented  in  i^les  XXVI  -  XXXVII. 


D.  ItO-BIOWIIfG  HMT  TRAiSFER  DATA. 

Heat  transfer  rates  measured  in  the  absence  of  film  cooling  by  the 
previously  described  transient  technique  are  presented  in  Tables  XXXVIII- 
XL.  Typical  surface  distributions  of  the  heat  transfer  in  coefficient 
form  are  shown  in  Figs.  35  -  37.  The  data  are  shovm  in  the  more  useful 
form  of  the  Stanton  number  in  Figs.  38  -  4l,  where  it  is  seen  that  a 
turbulent  boundary  layer  existed  over  much  of  the  airfoil  surface.  The 
data  erdiibit  the  customary  scatter  which  is  characteristic  of  transient 
heat  transfer  measurements.  Considerably  more  scatter  is  found  in  the 
Pt^/Pg  =  1.5  suction  surface  measurements,  which  were  the  final  measure¬ 
ments  taken,  than  in  the  data  obtained  at  Ptj^/Pa  =  1.?.  This  increase 

in  scatter  is  probably  attributable  to  a  weakening  of  the  thermocouple - 

to-model  bond,  which  eventually  caused  several  thermocouples  to  separate 
from  the  thin  metallic  skin,  terminating  the  measurements.  Because,  of 
the  above  problem,  and  the  fact  that  some  chordwise  conduction  must 
occur  in  the  thin  skin  of  a  model,  an  accuracy  of  no  more  than  ±10^  can 
be  stated  for  these  data. 
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Fig.  35  -  typical  suction  surface  no-blowing  hea-^  transfer 
distributions  for  =  1.5 


62 


1.7 


V.  DISCUSSION  OF  RESULTS 


A.  NO-BLOWING  RESULTS 

Any  analysis  of  the  effects  of  film  cooling  on  the  fiow  over  a 
surface  must  begin  \^rith  a  basic  understanding  of  the  flow  existing  in 
the  absence  of  blov/ing.  The  .'tatic  pressure  distributions  measured  for 
B  =  0  show  that  either  a  negauive  or  very  mild  positive  pressure  gradient 
existed  over  most  of  the  injection  region  of  the  suction  sxirfaces  of 
Models  II,  III,  and  IV.  These  three  models  gave  almost  identical  no- 
blov/ing  pressure  distributions,  as  seen  in  Figs.  23  -  30.  The  no-blovdng 
static  pressure  distributions  over  the  suction  sui'face  of  Model  I,  how¬ 
ever,  displayed  an  inflection  and  were  also  sli^tly  higher  in  value 
than  those  measured  on  the  other  models.  This  deviation  was  investigated 
•and  additional  tests  inm,  as  previously  mentioned,  but  no  local  siorface 
contour  irregularity  of  sufficient  size  to  cause  such  behavior  could  be 
found.  A  possible  explanation  of  the  phenomenon  is  the  fact  tliat  the 
12°  spara'fise  blowing  geometry  used  on  this  model  results  in  large  ellip¬ 
tical  cavities  (0.028  x  0.135  inch)  on  the  surface  \fhere  the  coolant 
hole  and  model  svirface  intersect. 

The  no-blowing  heat  transfer  results  of  Figs.  38  and  39  show  that 
transition  from  a  laminar  to  a  turbulent  bou  ^ary  layer  begins  at  a 
local  surface  Reynolds  number  of  from  250,000  to  300,000  on  the  suction 
surface.  The  location  of  the  beginning  of  a  completely  turbulent  layer 
is  not  apparent  from  these  figures,  since  only  the  leading  thermocouple, 
located  at  x  =  0.89  inch,  gave  heat  transfer  rates  typical  of  heating 
in  the  transition  regime.  This  fact  is  most  clearly  shown  in  Fig,  38 
and,  to  a  lesser  extent,  in  Fig.  39>  hy  the  two  differing  trends  in  the 
low  Reynolds  data  for  the  thermocouples  located  at  x  =  O.89  inch  (circle 
symbols)  and  x  =  1.22  inch  (square  symbols).  Completion  of  transition 
to  a  wholly  turbulent  boundary  layer  thus  took  place  somevfhere  bet^'reen 
the  first  and  second  themnocouples ;  i.e.,  in  the  region  O.89  <  x  <  1.22 
inches.  For  the  film-cooled  models,  this  is  the  region  containing  the 
first  two  rows  of  coolant  holes,  and  therefore  additional  impetus  for 
transition  -vjas  provided  in  this  region  for  the  film-cooling  models  by 
blowing  and/or  the  equivalent  surface  rou^ness  of  the  holes.  The 
Schlieren  investigation  of  Sha\v^^  confiTms  that  transition  occurred  in 
this  region,  both  with  and  v/ithout  blovfing,  for  Models  I  and  II. 

Also  shovm  in  Figs.  38  and  39  is  the  empirical  correlating  equation 


Cu  =  0.162  Re  (1*0 

v;hich  was  faired  through  the  suction  surface  Stanton  number  data  and 
from  which  values  were  obtained  for  use  in  the  film  cooling  effec¬ 
tiveness  correlations. 
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The  pressure  surface  heat  transfer  measurements  indicate  that  a 
fully  developed  turbulent  botmdary  layer  existed  over  the  entire  heat 
transfer  measurement  region  (0.82  inch  <  x  <  I.65  inch)  of  the  surface 
for  local  Reynolds  number  as  low  as  130,000.  The  boundary  layar  stabi¬ 
lizing  effect  of  the  severe  negative  pressure  gradient  over  the  fore 
part  of  the  suction  surface  is  apparent  when  Stanton  number  data  for 
the  two  surfaces  are  compared  at  equal  surface  Reynolds  numbers.  The 
transition  surface  Reynolds  number  for  the  suction  surface  is  at  least 
twice  that  of  the  pressure  stirface,  but  no  closer  determination  can  be 
made  since  all  heating  measured  on  the  pressure  surface  indicates  a 
turbulent  boimdary  layer  and  no  evidence  of  transition  was  found. 

The  heat  transfer  measurements  shovr  that  the  simple  approximation 
of  flat  plate  flow  is  valid  for  conservative  engineering  design  estimates 
of  the  surface  heat  transfer'  to  a  typical  turbine  airfoil  in  the  absence 
of  cooling  since  measured  heating  rates  fell  at  least  20^  to  h0%  below 
the  flat  plate  turbulent  heat?ng  prediction  over  most  of  the  airfoil 
surface  measured. 


B.  EFFECT  OF  BLOWING  ON  THE  STATIC  PRESSURE  DISTRIBUTION 

The  effect  of  blowing  on  the  static  pressure  distribution,  as 
shown  in  Figs.  I8  -  29}  was  found  to  be  highly  dependent  on  which  sur¬ 
face  (S  or  P)  was  film  cooled.  No  significant  changes  in  either  the 
magnitude  or  shape  of  the  lift  distribution  from  the  no-blowing  case 
can  be  seen  in  the  P  blowing  results  for  Model  I,  shown  in  Fig.  19 • 
Although  not  sho^m  graphically,  this  same  lack  of  any  P  blovrilng  effect 
on  pressure  distribution  was  fovmd  to  be  true  for  all  film  ccoled 
models,  geometries,  and  blowing  rates.  Any  alterations  that  were 
observed  were  generally  within  the  ±  l<fo  accuracy  of  the  static  pressure 
measurements  and  cannot  be  considered  significant.  This  lack  of  any 
effect  of  P  blowing  on  lift  may  be  attributed  to  the  monotonically  nega¬ 
tive  pressure  gradient  over  the  blown  region  of  the  pressure  surface,  a 
gradient  which  became  increasingly  favorable  as  the  trailing  edge  was 
approached. 

The  effect  of  suction  surface  (S)  bloving,  however,  was  found  to 
be  quite  significant,  as  sho\im  in  these  same  figures,  causing  a  loss  of 
lift  on  the  suction  surface  but,  as  might  be  expected,  again  no  notice¬ 
able  effect  on  the  pressure  svurface.  The  distributions  obtained  for 
S  +  P  blowing  v:ere  virtxaally  identical  to  those  of  S  olov/ing  for  all 
film-cooled  models.  This  is  seen  for  Model  I  by  comparing  Figs.  I8  and 
20.  For  purposes  of  analysis,  only  the  effects  of  S  blov/ing  on  the  suc¬ 
tion  surface  pressure  distribution  need  be  examined  to  determine  any 
effects  due  to  the  various  blowing  geometries. 

A  comparison  of  the  S  blowing  suction  surface  distributions  shows 
that  the  90°  blowing  on  Model  II  caused  the  most  severe  loss  of  lift 
of  all  geometries  tested.  This  can  be  seen  by  ccmparing  Figs.  I8,  22, 
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24, -  and  26  for  the  subsonic  suction  surface  (Ptj/Pa  =  1.5)  and  Figs.  23, 

25,  and  28  for  the  transonic  suction  surface  (Pt^^/Pa  =  1.7).  Severe 
loss  of  lift  was  also  found  for  the  spara-rise  blowing  geometries  of 
Models  I  (12°  spanvrise)  and  III  (30°  spara^ise) .  The  effects  appear  to 
have  been  quite  similar  for  both  the  subsonic  and  transonic  cases, 
althou^  Model  I  was  not  tested  for  the  transonic  condition.  A  general 
similarity  can  be  noted  batoeen  the  surface  pressure  alterations  for 
Models  I,  II,  and  III,  all  of  which  injected  coolant  having  no  chordvfise 
velocity  component.  The  loss  of  suction  surface  lift  began  well  ahead 
of  the  first  blowing  rovr  (x  =  0.93  inch)  for  all  geometries  tested,  as 
shown  most  clearly  by  the  data  points  at  x  =  0.75  inch  in  Fig  22.  This 
effect  was  most  pronounced  for  the  90°  injection  geometry  and  least 
noticeable  on  Model  IV,  which  emitted  coolant  in  the  chordwise  direction 
30°  from  the  surface  tangent. 

The’ effect  of  blowing  rate  intensity  on  the  lift  alterations  was 
found  to  be  similar  for  the  non-chordvrise  injection  geometries  of 
Models  I,  II  and  III  at  small  values  of  B.  Comparison  of  the  pressure 
distributions  of  Figs.  22  and  24  for  the  lovrest  non-zero  value  of  B 
shows  that  for  these  low  blowing  rates  there  was  a  negligible  difference 
between  the  lift  alterations  caused  by  90°  or  30°  spanwise  injection. 

The  same  result  is  observed  for  the  transonic  surface  when  Figs.  23  and 
25  are  compared.  Hov/ever,  as  B  was  increased,  the  vertical  blowing 
effect  on  loss  of  lift  became  incieasingly  more  severe  than  that  of  the 
spanv7ise  blowing.  This  is  in  spite  of  the  fact  that  the  vertical  blow¬ 
ing  component  was  the  same  for  the  two  cases.  Figure  22  shows  that  at 
a  value  of  B  =  7j  the  alteration  of  the  static  press\ire  distribution 
for  vertical  blowing  resulted  in  a  negative  pressure  gradient  over  the 
entire  suction  surface. 

Examination  of  the  data  from  the  last  pressure  tap  on  the  suction 
sxirface  for  all  models  tested  shows  that  as  the  blowing  rate  was  increased, 
the  press\ire  at  this  location  (x  =  2.09  inches)  approached  a  common 
value  for  all  models,  the  value  being  very  close  to  the  dovmstream  static 
pressure,  i.e.,  Pa/Pt  .  This  suggests  that  the  flow  may  have  separated 
near  the  trailing  edge,  with  the  terminal  or  base  pressure  being  felt 
further  upstream  as  the  separation  region  crept  for\?ard  with  increasing 
blowing.  Such  a  hypothesis  cannot  be  proven  by  the  present  pressure 
data  since  the  region  in  question  possessed  a  small  pressure  gradient 
such  that  numerous  pressure  taps  would  have  been  required  to  see  this 
effect.  However,  it  should  be  mentioned  that  the  Schlieren  investiga¬ 
tion  of  Shaw^°  for  Models  I  and  II  shov;s  some  evidence  that  separation 
did  occur  in  the  immediate  vicinity  of  the  trailing  edge  for  both  models 
at  low  coolant  flow  rates.  The  same  investigation  also  suggests  that 
the  separation  appeared  to  move  fomrard  for  Model  II  (90“  injection)  as 
blovring  was  increased,  but  the  boundary  layer  appeared  to  be  attached 
over  the  coo3.ant  injection  region  (0.92  <  x  <  1.91  inches)  for  values 
of  B  as  high  as  7. 
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Althou^  film-cooled  turbine  airfoil  pressure  data  for  comparison 
with  the  present  resvilts  are  not  available  in  the  open  literature,  the 
recent  experimental  results  of  Provenzale  and  Thirumalaisamy^^  shovr  that 
for  the  transpiration  cooled  stator  blades  of  their  study  the  static 
pressure  distribution  was  completely  unaffected  by  mass  addition  from 
both  surfaces  at  coolant  flow  rates' equivalent  to  those  of  the  present 
study.  This  is  in  marked  contrast  to  the  present  surface  presstire  mea¬ 
surements  which  show  the  generally  disruptive  nature  of  film  cooling  by 
discrete  hole  blowing. 


C.  EFFECT  OF  BLOVJIKG  ON  THE  TOTAL  PRESSURE’ 

LOSS  COEFFICIENT 

The » measurement  of  the  total  pressure  loss  coefficient  presents  a 
conclusive  contrast  befa;een  the  blowing  geometries  which  injected  coolant 
with  no  chordwise  velocity  component  and  the  streamwise-oriented  injec¬ 
tion  of  the  suction  surface  of  Model  IV.  This  is  sho™  in  Figs.  30  and 
31  in  which  the  shift  of  the  peak  wake  momentum  defect  toward  the  suc¬ 
tion  surface  is  evident  for  Models  I,  II,  and  III.  The  total  pressure 
loss  coefficients  calculated  from  the  wake  pressure  surveys  are  shovm 
in  Figs.  42,  43,  and  44  in  the  form  of  to  -  Wq,  where  t>\-,  is  the  coeffi¬ 
cient  calculated  using  the  integrated  total  pressure  defect  for  the  air¬ 
foil  without  blowing.  S  eral  sim.ilarities  between  these  three  figures 
are  significant. 

First,  it  is  noted  that  all  blowing  geometries  gave  approximately 
the  same  losses  at  low  values  of  the  blowing  parameter  B  <  3*  As  blowing 
was  increased,  three  differing  trends  v/ere  observed.  The  losses  for  the 
vertical  blowing  of  Model  II  continued  to  rise  in  an  almost  linear  fash¬ 
ion,  as  did  those  of  the  12°  spanv^ise  geometry  of  Model  I.  The  losses 
fof  the  30°  spanwise  geometry  of  Model  III  also  rose  as  B  was  increased, 
but  at  a  decreasing  rate,  so  that  at  the  massive  blowing  rates  of 
B  >  9j  the  30°  spanwise  geometry  began  to  show  a  significant  reduction 
in  losses  from  those  shown  by  Models  I  and  II.  This  appeared  surpris¬ 
ing,  since  Model  III  is  of  intermediate  geometry,  having  a  spanvfise 
injection  angle  0  =  30°  and  a  number  of  holes  per  row  of  17,  both  values 
which  fall  between  those  of  Models  I  and  II. 

This  simi.larity  of  the  observed  losses  for  the  span\^ise  injection 
geometries  of  Models  I  and  II  and  the  lov^er  losses  measured  for  Model  III 
prompted  an  examination  of  the  actual  exit  angles  for  the  coolant  air. 
Using  smoke  tests,  it  was  observed  that  the  .12°  injection  geometry,  un¬ 
like  the  others,  emits  the  coolant  at  the  hole  angle  only  for  very  low 
coolant  velocities.  As  coolant  velocity  was  increased,  the  low  length- 
to-diaiueter  ratio  allov/s  the  coolant  to  increase  its  exit  angle  until, 
at  the  extreme  case  of  the  choked  condition,  the  average  angle  is 
greater  than  45° .  The  ideal  coolant  velocities  for  this  geometry  are 
also  higher,  as  was  seen  in  Fig.  17,  but  these  would  be  reduced  as  the 
flow  occupied  more  of  the  surface  ellipse  vdth  increasing  mass  flow  rare. 
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This  prohlem  does  not  arise  wi+h  t’e  other  geometries  since  the  coolant 
holes  have  sufficient  guiding  l.,it,-h  to  keep  the  coolant  flow  vector 
coaxial  with  the  hole  until  the  surface  is  reached,  where  bending  and 
mixing  vath  the  boundary  layer  and  external  flow  begins. 

The  results  for  to,  however,  do  indicate  a  marked  decrease  in  the 
total  pressixre  losses  for  the  30°  spanv/ise  blowing  geometry  when  com¬ 
pared  with  the  12°  and  90°  injection.  This  fact,  when  considered  in 
the  light  of  the  above  discussion  concerning  the  12°  geometry,  indi¬ 
cates  that  spanmse  inclinations  may  be  helpful  in  reducing  losses, 
although  not  nearly  to  the  degree  that  chordvase  angling,  such  as  the 
surface  geometry  of  Model  IV,  acccmplishes. 

The  reduction  of  losses  for  Model  IV  ms  evident  at  each  of  the 
test  conduit  ions  except  for  the  lowest  blowing  rates  te.«''ed.  At  the 
hi^er  values  of  B,  this  model  gave  losses  which  were  less  than  1/4 
those  of  the  vertical  and  12°  spanwise  geometries. 

A  second  result  of  a  comparison  of  Figs.  42  -  44  is  the  consistent 
agreement  of  S  and  S  +  P  losses.  This  indicates,  as  do  the  static  pres¬ 
sure  disti rbutions ,  that  the  suction  surface  was  the  primary  source  of 
all  losses  measured.  The  fact  that  the  losses  appear  to  be,  for  each 
geometry,  a  function  of  B  (which  is  a  surface-to-stream  parameter)  also 
confirms  this. 

The  superiority  of  the  chordwise  coolant  injection  in  reducing 
losses  at  higher  blowing  rates  is  predictable,  since  considerable  coolant 
momentum  is  wasted  by  non-streaim^ise  blovring.  This  momentum  mste, 
which  for  non-chordwise  injection  is  Pcu|,  must  be  absorbed  as  a  deficit 
by  the  external  flov?  (including  the  boundary  layer),  while  chordvrise 
coolant  injection  contributes  to  the  flow  momentum  the  component 
p<,uf  cos  cp  (9  =  30°  for  Model  IV,  S  >> lowing) .  This  latter  quantity 
increases  with  increasing  B,  thus  a  reduction  of  losses  for  chordwise 
injection  is  not  surprising. 

It  is  instructive  to  examine  the  effect  of  the  angular  orientation 
of  injection  by  assuming  a  simple  physical  model  for  the  flov?  about  the 
airfoil  and  determining  whether  the  basic  conservation  equations  of 
'  fluid  dynamics  predict  loss  coefficient  variations  such  as  those  men¬ 
tioned.  Such  an  analysis  has  been  performed  (see  Appendix  A)  in  which 
the  flov;^  past  the  injection  surface  of  the  confined  airfoil  in  this 
study  has  been  approximated  by  a  constant  area  charnel.  Isentropic 
compression  from  the  inlet  (Station  l)  to  the  channel  entrance  v/as 
assumed,  as  was  isentropic  expansion  from  the  channel  exit  to  the  dovm- 
stream  wake  sinvey  location  (Station  2) .  All  mixing  of  coolant  and 
primary  flow  was  assumed  to  occur  in  the  constant  area  channel  vrith  the 
primary  flow  at  an  average  Mach  number,  found  by  using  the  average  of 
S  and  P  surface  pressures  over  the  blowing  region.  The  results  of  this 
calculation  are  shown  in  Fig.  45,  where  5  is  used  as  the  blowing  para¬ 
meter.  The  trends  shovnn  agree  with  the  experimental  results  previously 
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Fig.  45  -  Increase  in  total  pressxire  loss  coefficient  to 
predicted  by  ideal  mixing  analysis  (Appendix  A) 


shovm,  and  the  advantage  of  chordv/ise  angled  hlov/ing  is  obvious.  Tan¬ 
gential  injection  curves  (cp  =  0®)  shovr  only  a  sli^t  superiority  to  the 
30°  result.  The  spam/ise  0  =  30“  geometry  is  considered  a  vertical 
(cp  =  90°)  geometry  as  far  as  the  ideal  mixing  analysis  is  concerned. 

The  present  experimental  results  for  Pt,  7^3  =  1.5  are  compared  with 
the  ideal  mixing  calculations  in  Figs.  k6  and  4?.  Agreement  is  clear 
for  S  +  P  blowing,  the  condition  which  more  nearly  satisfies  the  assump¬ 
tion  of  the  calculations  that  the  Mach  number  is  averaged  over  the  blow¬ 
ing  region  of  both  surfaces.  The  fact  that  the  present  experimental 
results  show  a  general  agreement  with  the  ideal  mixing  analysis  indicates 
that  the  experimentally  observed  losses  are  explainable,  in  large  part, 
by  momentum  loss  caused  by  coolant  and  primary  flow  mixing  and  that 
castastrophic  effects,  such  as  bovmdary  layer  separation,  are  not  the 
dominan fc , mechanism. 

The  simplified  analysis  of  ideal  mixing,  which  predicts  that  non- 
chordwise  injection  results  in  a  nearly  linear  to  vs.  |  relationship,  is 
equally  applicable  (as  far  as  the  assumptions  are  concerned)  to  trans- _ 
piration  cooling.  This  is  confirmed  by  Reference  15 ,  in  which  trans¬ 
piration-cooled  stator  blades  were  tested  in  an  annular  cascade.  The 
data  of  Reference  15  show  a  simple  linear  relationship  between  to  and  ^ 
for  I  valued  as  high  as  0.08,  thus  the  simple  mixing  analysis  appears 
to  be  quite'  useful  for  engineering  calculations  and  estimates.  An 
interesting  facet  of  the  above  transpiration- cooled  blade  results  is 
the  fact  that  the  airfoil  tested  emitted  coolant  over  the  entire  sur¬ 
face.  Th\xs  the  concept  of  an  average  Mach  number  in  the  re^on  of 
injection  was  a  considerable  approximation. 


D.  FIIM  COOLING  EFFECTIVENESS  RESULTS 

The  data  obtained  from  the  thermocoT;iples  located  below  the  suction 
siirface  are  shown  in  Figs.  48  -  51  in  the  form  of  the  effectiveness  tj 
and  a  correlating  parameter  CHq/Ms,  which  is  the  standard  film-cooling 
parameter  with  the  x-dependence  removed.  The  S  olowing  results  were 
influenced  considerably  by  heat  conduction  thi-ough  the  blade  from  the 
uncooled  pressure  surface,  and  thus  they  vmdoubtedly  underestimate  the 
actual  film-cooling  effectiveness  on  the  suction  surl^.  3.  The  S  +  P 
blowing  results  were  not  affected  by  this  problem  since  no  large  tem- 
peratxire  gradient  existed  across  the  blade ’thickness,  but  these  data 
were  affected  somev^hat  by  internal  cooling  due  to  coolant  passage  v/ithin 
the  airfoil.  Thus,  the  S  +  P  results  are  judged  to  be  the  upper  limit 
on  film-cooling  effectiveness  since  they  are  at  least  as  high  as  the 
adiabatic  t)  normally  used  to  examine  film  cooling.  The  S  +  P  data  are 
also  of  more  engineering  significance  since  actual  turbine  airfoils  are 
constructed  in  a  basically  solid  manner  such  as  the  present  models  and 
therefore  the  adiabatic  v;all  condition  is  rarely  met  in  practice  because 
of  the  internal  convective  cooling  caused  by  coolant  passage  through  the 
blade  interior. 
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Fig.  k6  -  Comparison  of  measured  u  values  with  prediction  of  ideal 
mixing  analysis  for  T+  =  500°? 


1.0 

.8 

.6 

.5 

.4 

,3 


•  2 


.1 


— ^ - [ 

« 

T" 

[  T'T" 

~r~ 

T 

6 

— 

0 

9>cP 

- 

»  A 

0  ^0 

□ 

□ 

A  A 

0 

— 

0 

- 

□ 

Model 

s 

S+P 

H 

□ 

0 

A 

A 

HI 

A 

0 

n  = ! 

—  >< 

II 

0 

b 

—  CD 

IN. 

_L_ 

J..-J  I- 

_j _ 

J _ 

1 

.25  .3  .4  .5  .6  .8  1.0  2.0 

,  IN~' 

Ms 


Fig.  -  Suction  surface  cooling  effectiveness  0.08  inch  aft  of 
first  blowing  row  for  Model  II  (90°  blowing)  and  III 
(30°  spanwise  blov/ing) 
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Fig.  50  -  Suction  surface  cooling  effectiveness  0.5  inch  aft  of 
first  blowing  row  for  Model  IV  (30°  chordwise  S  blowing 
20°  spanwise  P  blowing) 


This  raises  the  question  of  error  in  t)  due  to  the  asstnnption  that 
Tc  =  75°^,  which  was  used  to  calculate  all  t]  values  reported.  An  analysis 
of  the  possible  error  introduced  by  this  assumption  is  presented  in 
Appendix  B,  the  results  of  v/hich  shovr  that  the  maximum  error  in  due 
to  the  assumption  of  constant  coolant  teiiq)erature  is  generally  less  than 
0,03  for  the  present  conditions. 

Figvire  ii8  compares  the  measured  effectiveness  for  a  point  cooled  by 
oiily  one  row  of  coolant  holes  (n  =  l);  i.e.,  based  on  a  thermccouple 
measurement  immediately  do^mstream  of  the  first  ;:ow  of  holes.  Since  the 
CHq  values  used  are  average  values  obtained  from  the  no-blowing  heat 
transfer  measurements,  scatter  must  be  expected  in  the  results  in  both 
the  Tj  and  CHq/Ms  directions.  The  resulxs  show,  hovrever,  that  neither 
of  the  blowing  geometries  enjoyed  a  clear  superiority  ii  cooling  effec¬ 
tiveness!  The  same  result  is  sho^m  by  Figs.  49  -  51>  which  show  measured 
cooling  effectivenesses  at  suction  surface  locations  cooled  by  3  and  5 
rows  of  holes  (n  =  3}5)*  Figure  51  indicates  apparent  decrease  in 
cooling  effectiveness  for  the  trailing  edge  region  thermocouple  of 
Model  IV,  but  this  cannot  be  definitely  attributed  to  film  effects  since 
the  chordwise  blowing  geometry  of  Model  IV  :iscessitated  changes  in  the 
location  of  internal  coolant  passages  which  could  have  caused  this  effect. 
Sli^t  internal  geometrj".  changes  in  Model  IV  from  those  ujed  in  Models  I, 

II,  and  III  also  caused  the  n  =  3  thermocouple  (Fig.  50)  to  be  located 
0.10  inch  further  forward  than  the  same  thermccouple  on  Models  II  and 

III. 

Since  the  effectiveness  data  were  obtained  using  multiple  rows  of 
holes  which  were  approximately  equally  spaced,  the  choice  of  an  x  value 
to  be  used  in  the  standard  film  cooling  correlating  parameter  x/Ms 
is  not  readily  apparent.  Several  possibilities  were  investigated, 
among  these  the  cases  where 

(1)  X  =  XjL ,  the  distance  from  the  point  of  measurement  to  the 
first  row  of  holes; 

(2)  X  Xn,  the  distance  from  the  point  of  measurement  to  the 
closest  upstream  hole  row;  and 

(3)  X  =  X,  the  arithmetic  average  of  the  distances  to  each  of  the 

-  1  ^  ” 

distances  to  each  of  the  upstream  rows;  i.e.,  x  =  -  ^Xj_  .  (Each  of 

i  =  1 

these  choices  of  x  reduces  to  the  correct  single  row  x  when  only  one 
row  is  present.) 

Curves  were  faired  throu^  the  averages  of  the  S  +  P  data  shown  in 
Figs.  48  -  51  and  plotted  as  functions  of  x/Ms  for  each  of  the 
choices  of  x  mentioned  above.  This  is  shoim  in  Fig.  52,  where  it  is 
clear  that  the  choice  of  x  is  preferable.  The  concept  of  x  merely 
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replaces  the  multiple  rows  (or  slots)  with  a  single  row  (or  slot)  located 
midway  in  the  row  or  slot  distribution.  At  large  distances  dovmstream 
from  the  rovrs,  any  of  the  three  choices  of  x  appears  appropriate,  but  for 
measurement  points  within  the  rows,  such  as  the  present  case,  x  appears 
to  be  preferable. 

Figures  53  and  5^  show  the  present  suction  surface  effectiveness 
data  compared  with  the  single  slot  correlation  of  Haering,^®  ixsing  x  as 
the  characteristic  length.  Hearing’s  correlation  is  typical  of  the 
numerous  single  slot  correlations,  as  is  shown  in  Reference  l6.  The 
present  S  blowing  data  contain  considerable  scatter  since  these  data 
were  affected  by  heat  conduction  through  the  model  in  varying  amounts 
because  of  the  variation  of  model  thickness.  Furthermore,  as  noted 
earlier  they  can  be  expected  to  represent  only  a  lower  bound  on  the  true 
film-cooling  effectiveness.  The  S  +  P  results,  shovm  in  Fig.  repre¬ 
sent  a  more  true  measure  of  cooling  effectiveness  as  would  be  encountered 
in  an  actual  tirrbine  airfoil,  although  these  results  probably  overesti¬ 
mate  the  film-cooling  effectiveness  due  to  internal  cooling_eff ects . 

The  figure  shows  that  they  correlate  reasonably  well  using  x.  A  curve 
may  be  faired  through  these  results  which  falls  within  ±  15“^  of  over 
80^  of  the  data  jraints.  This  curve,  represented  by 


T]  = 


1 


1  + 


0.25 


(15) 


is  merely  Haeiing’s  result  minus  the  term  0.25.  Althou^  admittedly 
empirical,  this  provides  at  least  an  estimate  of  the  cooling  effective¬ 
ness  which  could  be  expected  by  the  use  of  multiple  rows  of  discrete 
holes . 


The  cooling  effectiveness  data  measured  behind  the  first  blowing 
row  on  the  suction  surface  are  shoim  in  Fig.  55 >  along  with  the  single 
slot  correlation  of  Haering,^®  the  empirical  Eq,.  (15)}  and  the 
transpiration-cooling  correlation  of  Bartle  and  Leadon,^®  where  the 
latter  has  been  calculated  using  the  assumption  that  the  coolant  emitted 
from  the  first  row  of  holes  is  instead  transpired  from  the  surface  uni¬ 
formly''  over  the  same  distance  x. 

S-ince  the  ,j,:Lesent  S  blowing  data  are  felt  to  represent  a  lower 
bouiid  on  the  film  cooling  attained  by  the  present  cooling  schemes,  a 
curve  has  also  been  faired  throu^  it  such  that,  when  taken  with  Eq.  (15)} 
the  t\Jo  curves  represent  the  upper  and  lov^er  limits  of  all  .ingle-row 
discrete  hole  data  obtained  in  this  study.  The  3  olovi-''  curve  may 
represented  by 


n  = 


1 


1  +  3.6 


Ms 


0.45 


(16) 


87 


Fig.  53  -  Suction  surface  cooling  effectiveness  data  for  S  "blowing  correlated  "by  x 


Suction  surface  cooling  effectiveness  date  for  S.+  P  "blowing  correlated 


Unlike  the  situation  for  ciultiple-rovr  hole  data,  some  single-ixjv 
data  are  available  in  the  literature;  namely,  that  of  Metzger  and 
Fletcher^ ^  v/ho  examined  chordtfise  injection  into  a  turbulent  bo\mdaiy 
layer  using  holes  angled  at  <p  =  20®  and  60®  from  the  siirface.  Ifo-blow- 
ing  Stanton  numbers  have  been  calculated  for  their  data  imder  the  assump¬ 
tion  that  the  turbulent  boimdary  layer  began  at  the  sandpaper  strip 
which  was  located  upstream  of  their  blowing  to\js.  Using  these  values 
and  the  faired  curves  representing  their  ±  lO^  accuracy  correlations  of 
each  condition  tested,  upper  and  lower  bounds  for  the  effectiveness  of 
their  two  injection  angles  have  been  shovm  in  Fig.  56  along  -VTith  Eqs.  (I5) 
and  (16)  for  the  present  results.  The  variation  in  q  >ri.thin  a  single 
geometry  for  the  data  of  Reference  12  is  due  to  differing  values  of  the 
hole  spacing  and  the  nass  flux  ratio,  M.  This  variation  points  out  the 
complexity  of  the  dependence  of  q  for  discrete  hole  blo>nng  on  parameters 
in  addition  to  Cj^^x/Ms  and  <p.  Goldstein  afe  have  also  found  an 

apparently  secondary  dependence  on  M  alone,  particvilarly  for  the  lateral 
spreading  of  the  coolant  with  dovnstream  distance.  However,  their  results 
show  that  a  vertica.1  injection  geometry  enjoys  generaliy  better  lateral 
spreading  over  a  considerable  range  of  M  than  does  a  geometry  angled  at 
<p  =  35“  in  the  chordwise  direction,  so  the  dependence  cannot  be  attributed 
to  M  alone.  Examination  of  the  present  results  for  both  multiple  and 
single  rows  has  revealed  no  apparent  correlation  vrith  either  M  or  hole 
spacing,  although  the  present  study  made  no  attempt  to  vary  the  latter 
within  geometries. 

The  most  significant  result  of  the  present  effectiveness  results  is 
the  fact  that  discrete  hole  _lng,  as  applied  to  a  typical  airfoil  in 
the  present  study,  does  not  show  a  strong  secondary  dependence  on  geran- 
etry  or  mass  flux  ratio  M  alone,  but  does  exhibit  a  primary  dependence 
on  QHqx/Ms,  the  same  parameter  v;hich  governs  continuous  slot  film  cooling. 

E.  COHCLUDING  DISCUSSION 

The  experimentally  measured  static  pressure  distributions  shovr  that 
the  aerodjmaruic  effects  of  the  present  film-cooling  technique  were  con¬ 
fined  to  the  suction  surface  where  coclan .  was  injected  through  discrete 
holes  into  a  region  having  an  initially  xuifavorable  pressxire  gradient 
and  a  turbulent  boundary  layer.  Thi..;  would  be  expected  to  increase  the 
turbulent  boundary  layer  thickness,  ;;urcicularly  when  the  coolant  added 
possessed  no  momentum  component  in  tbo  "iiw  direction.  Verification  of 
this  was  found  by  Shaw,^°  whose  Schlioro?’  photographs  of  the  suction 
surface  of  Models  I  and  II  show  a  rapid  enlargement  of  the  boundary 
layer  with  increasing  blovdng.  This  is  also  ver.'fied  by  the  present 
wake  survey  measurements,  such  as  shown  in  Fig.  30,  V7here  the  wake  width 
is  greatly  enlarged  toward  the  suction  sxirface.  (See  Appendix  D,  Sum¬ 
mary  of  Sclilieren  Data.) 

The  results  also  indicate  that  separation  occiurs  for  non-chordwis'' 
injection  in  the  vicinity  of  the  rounded  trailing  edge  but  no  evidence 
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Comparison  of  available  single-row  discrete  hole  cooling  effectiveness 


was  found  that  this  extended  fhrt^cr  irostreasi  on  the  suction  surface, 
not  discounting  the  possibility  of  local  r  'ons  of  separation  near 
points  of  infection-  "me  3ack  of  nassive  oration  is  verified  by  the 
Eeasured  wake  total  pressure  loss  coeifficients,  which  show  no  sudden 
increase  with  blowing,  such  as  would  be  caroected  for  a  separated  layer. 
Instead,  the  losses  increased  at  a  nearly  constant  rate  with  increasing 
blowing  for  12°  spairnise  and  90**  blowing,  and  at  decreasing  rates  for 
30"  sjenwise  and  chordwise  injection.  IToe  fact  that  the  sisple  ideal 
mixing  analysis  also  predicts  both  the  proper  trends  for  u  and  actual 
values  which  are  reasoisble  indicates  that  a  great  aEoimt  of  the  nea- 
sured  loss  phenomenon  is  due  to  effects  apart  fr«m  any  large  scale 
boundary  layer  separation.  The  intense  thickening  of  the  suction  sur¬ 
face  turbulent  boundary  layer  for  the  non-chordwise  blowing  geometries 
is  caused  by  the  entrainment  of  the  cool,  low-momentum  coolant  in  the 
layer,  ihis  layer  receives  22ore  coolant  at  each  succeeding  row  of  holes 
and  thus  grorth  is  stinulated  by  both  nass  addition  aM  the  positive 
pressure  gradient. 

The  large  loss  of  lift  observed  on  the  suction  surface  for  non- 
chordvrise  blowing  geometries  can  be  attributed  to  the  thickening  of 
the  effective  airfoil  profile  in  the  blown  re^on  by  the  enlarging  tur¬ 
bulent  boundary  layer,  causing  a  pressure  rise  which  feeds  forward  on 
the  suction  surface,  as  shown  by  the  increase  in  suction  surface  pres¬ 
sure  a  considerable  distance  ahead  of  the  injection  region.  The  pres¬ 
sure  rise  ahead  of  the  injection  region  is  also  seen  for  the  transonic 
suction  stuface,  where  shock  waves  have  been  seen  origira.ting  from  the 
increase  in  effective  body  thickness  occurring  at  the  location  of  a 
hole  row  for  non-chordwise  injection.^® 

The  cooling  effectiveness  data  show  that  the  amount  of  coolant, 
and  not  the  method  by  which  it  was  injected,  vjas  the  primary  factor  in 
the'  cooling  of  the  suction  surface.  This  is  in  contrast  to  the  results 
of  Papell,®  obtained  using  angled  slots,  in  v/hich  a  significant  depen¬ 
dence  on  angle  of  injection  was  found.  The  continuous  nattjre  of  slot 
injection,  however,  reduces  the  penetration  hei^t  of  the  slot-injected 
coolant  into  the  primary  flow  for  equal  values  of  the  blowing  parameter 
B  when  conpared  to  the  jet-like  nature  of  discrete  hole  blowing.  Tills 
implies  that  considerable  lateral  effectiveness  variation  must  occur  in 
discrete  hole  cooling,  v;hich  has  been  verified  by  Goldstein  et  al.^^ 
using  a  single  circular  hole  in  an  insulated  flat  plate.  Such  varia¬ 
tions  undoubtedly  existed  in  the  present  ejcperiment,  but  the  conductive 
nat\ire  of  the  airfoil  surface  makes  the  present  effectiveness  data  in 
reality  averages  over  a  finite  area. 

The  discrete  hole  data  of  Metzger  emd  Fletcher^^  also  shovr  a  con¬ 
siderable  dependence  of  effectiveness  on  blov/ing  geometry  (both  angu¬ 
larity  and  spacing)  and  the  mass  flux  ratio  M.  This  latter  parameter 
wotild  be  expected  to  play  a  more  important  role  in  discrete  hole  cooling 
than  for  slot  cooling  since  M  is  an  indication  of  the  penetrating  abil¬ 
ity  of  an  individvial  coolant  jet.  The  fact  that  the  present  results 
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shoif  no  disceriEible  det>endence  on  M  (other  than  the  ejected  trend  with 
CHqx/Hs)  or  on  blowing  geosetry  indicates  that  the  rapid  growth  of  the 
suction  surface  boundary  layer  accelerates  nixing  and  thus  the  coollint 
injected  throvi^  various  hole  geceetries  is  sore  evenly  distributed. 

Althaagh  the  differences  in  the  effect  of  chordwise  vertical 
injecticHi  on  the  suction  surface  boundary  layer  and  the  ensuing  losses 
can  be  explained  in  the  basis  of  streaiswise  nasentun  conservation,  it 
is  not  obvious  what  isechanisn  caused  the  reduction  in  ncnentun  losses 
for  the  30“  spanwise  S  blowing  at  hi^er  values  of  3.  Significant  sun¬ 
wise  velocity  ccspcKients  in  the  boundary  layer  sust  be  ^  nmiapd  by  such 
injection,  particularly  nearer  the  surface  where  chordwise  velocity  is 
lower.  The  overall  penetration  of  the  spanwise  angled  injection  into 
the  boundary  layer  would  appear  to  be  the  sane  as  that  of  vertical  in¬ 
jection  since  the  total  anoun^  of  coolant  strean  crossing  the  airfoil 
surface  for  each  case  will,  by  virtue  of  the  Hatching  of  (pu)cy5  possess 
the  sane  vertical  ccoiponent  of  the  nass  flux  ratio  M.  A  coolant  jet 
enitted  from  the  surface  in  a  spanwise  angular  orientation  nay  begin 
chordirn.se  turning  within  the  elliptical  "trench”  near  the  surface  and 
tlnis  acquire  a  chordvn.se  velocity  ccsponent  prior  to  crossing  the  surface 
plane.  Tins  is  a  possible  explanation  of  the  reduction  in  ncnenfcun 
losses  for  the  30“  spanwise  S  blowing  at  large  blowing  rates,  but  a  de¬ 
tailed  description  of  the  ccznplex  three-dinexisional  flow  field  ^  nnnr^^ 
by  discrete  bole  blowing  nust  await  a  detailec.  probing  of  the  blarm 
layer  to  obtain  both  chordvn.se  and  lateral  velocity  profiles  over  the 
entire  region. 

The  present  results  show  that  the  significant  variations  in  dis¬ 
crete  hole  film  cooling  v;hich  have  been  measured  in  flat  plate  e>:peri- 
mental  studies  are  not  present  in  the  actual  application  of  this  cooling 
technique  to  the  suction  surface  region  of  a  typical  turbine  airfoil. 
Instead,  the  observed  variations  in  lift  and  momentian  losses  due  to 
blowing  geometry  differences  are,  at  the  massive  blovTing  rates,  a  more 
in^rtant  consideration  in  an  application  such  as  has  been  examined  here. 
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VI.  SI3I'2‘L'ffiy  iiiiD  COlICiiJSIOIsS 


!Bie  aerodynajaic  effects  of  fils  cooling  tliroii^  multiple  rows  of 
discrete  holes  located  in  the  region  aft  of  sidchord  on  Doth  surfaces 
of  a  typical  turbine  airfoil  have  been  studied  o^erimentally  at  con¬ 
ditions  simulating  those  found  in  actual  turbines.  Tests  "were  performed 
with  a  single  blade  in  a  contoured  cisnnel  using  electrically  heated 
air  as  the  primary  flow.  Air  at  a  nominal  tenierature  of  75”?  was  used 
as  coolant  to  investigate  the  effects  of  coolant-to-prisary  flow  rates 
as  hi^  as  0.05,  based  on  blowing  frcsa  the  single  blade. 

Heat  transfer  rates  in  the  absence  of  blowing  were  also  measured 
over  the  injection  region  of  both  surfaces  to  determine  both  the  state 
of  the  unblown  boundary  layer  and  to  determine  no-blowing  Stanton  ntsibers 
for  use  ih  the  correlation  of  film-cooling  effectiveness,  ihe  results 
of  these  tests  show  that  a  turbulent  boundary  layer  exists  over  the 
injection  region  of  both  surfaces  for  the  conditions  of  the  film  cooling 
testing. 


Four  fils-cooling  models  were  tested,  each  having  differing  angular 
hole  geometries  with  respect  to  the  chordwise  and  spanwise  directions. 
Surface-to-hole  axis  angles  tested  were  12“  spanwise,  30“  spanwise, 

90°  (vertical),  30“  chordv/ise  (suction  surface),  and  20“  spanwise  (pres¬ 
sure  surface).  Measurements  were  made  of  suction  surface  cooling  effec¬ 
tiveness,  static  pressure  distributions,  and  integrated  wahe  momentum 
losses  in  the  fora  of  the  total  pressure  loss  coefficient,  u.  Tv:o  inlet- 
to-exit  presstire  ratios  of  I.5  and  1.7  were  used  to  ejmble  suction  sur¬ 
face  blovTing  into  siibsonic  and  transonic  regions,  respectively. 

Ho  significant  effect  of  pressure  surface  blowing  \7as  foimd  on 
either  the  lift  distribution  or  the  waie  total  pressure  losses.  Signi¬ 
ficant  effects,  however,  were  noted  for  suction  surface  blowing,  parti¬ 
cularly  for  non-chordwise  injection.  Large  loss  of  lift  and  greatly 
increased  flow  losses  were  found  for  suction  surface  blov/ing  vdiich  vTas 
angled  in  the  spanwise  direction  or  at  90“  "to  the  surface.  This  is  due 
to  the  greatly  thickened  tiirbulent  boundary  layer  v/hich  ’S  induced  by 
blowing  in  a  region  of  positive  pressure  gradient.  Some  reduction  of 
losses  \THs  observed  for  30“  spans-zise  blowing  at  hi^er  blowing  rates 
when  compared  to  losses  measvired  for  vertical  injection.  Losses  mea¬ 
sured  for  12“  sizanwise  blowing  were  approximately  the  same  as  those  for 
the  vertical  case,  but  any  conclusion  regarding  the  aerodynamic  effici¬ 
ency  of  the  12“  geomel^ry  v/ould  be  premature,  since  evidence  ncn^  exists 
shovzing  that  the  actual  coolant  injection  angle  for  the  12“  sparc-zise 
blowing  vzas  considerably  larger.  The  reduction  of  losses  by  spanizise 
injection  for  the  30“  case  was  qviite  apparent  at  hi^  blovzing  rates, 
hut  at  the  lovzest  rates  tested  all  geometries  shcnzed  approximately  equal 
momentum  losses. 

Bie  lovzest  losses  and  least  affected  lift  distributions  for  the 
hi^er  blovzing  rates  vzere  measured  for  the  30“  chordwise  blowing. 
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Aerodynaaic  stroeriority  of  tMs  geoaetry  inroroved  as  coolant  flow  rate 
was  increased,  a  fact  which  is  predicted  by  simple  momentvon  conSeivation. 

Ho  evidence  was  found  of  boundary  layer  separation  on  the  suction 
surface  other  than  in  the  immediate  vicinity  of  the  trailing  edge,  down¬ 
stream  of  the  final  row  of  discrete  holes. 

Suction  surface  temperatures  measured  during  film  cooling  of  both 
airfoil  surfaces  provide  the  best  indication  of  cooling  effectiveness 
which  such  an  airfoil  would  enjoy  in  actual  operation.  A  coiroarison  of 
measured  effectiveness  shows  no  aprerent  deT>endence  on  blowing  geometry 
within  the  accuracy  of  the  measurements.  It  is  found  that  the  present 
-  ^  effectiveness  results,  obtained  using  multiple  rows  of  nearly  equal 

;  spacing,  are  best  correlated  in  the  standard  film  cooling  manner  using 

•  as  the  d^imstream  coordirmte  an  average  of  the  distances  to  each  of  the 

Upstream  raws.  The  present  data,  based  on  this  parameter,  fall  an 
(  average  of  Aq  =  0.25  below  the  predicted  effectiveness  of  continuous 

i  slot  injection,  'ihese  results  should  be  iiiterpreted  as  an  iroper  bound 

on  the  actual  film  cooling  effectiveness  which  vias  achieved,  since 
'  interml  conduction  effects  could  not  be  elimiinted  in  the  present 

investigation.  The  effectiveness  results  show  that  for  the  conditions 
of  this  investigation,  the  overall  cooling  effectiveness  achieved  by 
massive  discrete  hole  blowing  is  primarily  dependent  on  the  amount  of 
coolant  injected  and  that  blovring  geometry,  within  the  e:ctremes  tested, 
plays  a  secondary  role. 

It  is  concluded  that  because  of  the  large  reduction  in  flovr  losses 
achieved  by  chcrdvxise  injection  on  tbe  suction  siurface  and  the  apparent 
relative  independence  of  cooling  effectiveness  on  injection  geometry, 
the  chordv/ise  injection  at  30"  from  the  surface  is  the  optimum  choice 
among  the  geometries  tested. 
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AEPEiroK  A 


CALCULivTlOIi  OF  OilE  ISEAL  MIXIIffi  TOTAL  PRESSURE  LOSS  COEFFICJEI5T 


The  injection  of  coolant  into  a  confined  flovr,  such  as  the  passage 
hetvreen  airfoils  in  a  cascade  or  the  passage  in  which  the  present  filn- 
cooled  airfoils  vrere  tested,  will  introduce  a  change  in  flvud  properties 
at  the  channel  exit  for  most  conditions.  This  effect,  althou^  influ¬ 
enced  by  boundary  layers  and  viscous  effects,  v/ill  also  occur  in  their 
absence.  It  is  helpful  in  intesTpreting  the  experimental  values  of  u  to 
examine  the  flow  throng  the  test  region  in  this  manner,  treating  the 
flow  around  the  airfoil  as  a  channel  flovr. 

Figure  57  shov?s  the  assumed  physical  model  chosen  for  the  calcula¬ 
tion.  Stations  1  and  2  correspond  to  the  like-numbered  stations  in  the 
test  facility,  the  simulated  turbine  inlet  and  exit,  respectively.  The 
j  and  k  stations  correspond  to  jsoints  upstream  and  dovmstream  of  the 
region  of  blowing,  defining  a  region  within  which  all  nixing  of  the 
coolant  and  primary  flow  is  assumed  to  occur.  The  flov?  is  isentropically 
e3q)anded  from  the  inlet  station  1  to  station  j.  Bet\?een  j  and  k  the 
mixing  occvirs  in  a  constant  area,  insulated  channel.  This  ass'timption 
is  reasonable  for  the  present  experiment  since  the  total  flow  area 
changes  very  little  in  the  region  of  blowing.  The  conditions  at  j  are 
chosen  to  represent  the  average  flow  properties  of  the  channel  in  the 
injection  region.  Betv;een  stations  j  and  k  the  equations  of  continuity, 
momentum,  energj’-,  and  state  are  used  to  obtain  conditions  at  k,  includ¬ 
ing  the  total  pressure.  The  flow  at  k  is  then  expanded  isentropically 
to  the  selected  dov/nstream  static  pressure,  based  on  the  chosen  P^/Ps* 

The  equations  for  conservation  of  mass,  momentum,  and  energy  for 
the  mixing  of  like  gases  are 


E j  +  ^  %  ,  (17) 

P^Aj  +  mjUj  +  lUgUj,  cos  (p  =  mj^u^  +  ,  and  (l8) 


“jCpTt^  +  ^cCpTt^  =  “kCpTtj^  .  (19) 

The  momentvun  Eq.  (l8)  is  written  for  tlie  assumption  that  the  coolant 
enters  the  primary  flov/  at  the  local  static  pressure  of  the  injection 
region,  v;hile  the  energy  Eq.  (19)  assumes  that  both  gases  are  calori- 
cally  perfect.  Defining  rag/mi  a  the  energy  equation  is  solved  as 


Fig.  57  -  Physical  model  assvmed  for  calcxxlation  of  ideal  mixing  total  pressure  loss 
coefficient  w 
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and  the  lEoiaentuin  equation  becomes 


^  +  1  +  5  —  cos  (p  =  (1+g)  -  \  . 
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Employing  the  perfect  gas  relationships 
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the  right  hand  side  of  Eq.  (21)  becomes 
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The  momentum  Eq,  (21)  is  thus  vrritten 
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(22) 


This  allows  an  implcit  solution  for  Mj^  since  all  other  quantities 
in  the  momentum  Eq.  (22)  may  either  be  calcxilated  or  are  knovm.  Using 
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'  the  perfect  gas  equation  of  state 


%  = 

and  the  relationship 


we  obtain 


The  term  P(5)  in  Eq.  (23)  is  a  function  only  of  I  and  the  prescribed 
total  temperatures  of  the  inlet- and  coolant  flows,  while  QCMj^)  is  a  func¬ 
tion  of  Mjj  only.  Thus  the  calculation  of  (equal  to  i“ay 

be  made  graphically  with  the  use  of  x  =  xC^k)  Q  =  Q(Mk)  curves. 
is  used  as  an  intermediate  parameter  since  the  value  of  Fh/Ptj^  must  be 

found  in  order  to  expand  the  flow  to  Pg  and  this  is  most  easily  done  by 
using  %,  which  determines  for  constant  7. 

The  parameters  which  are  important  in  determining  the  total  pressure 
(Sianges  (or  co)  are  evident  from  the  solution,  which,  it  must  be  remembered, 
assvnnes  that  the  same  perfect  gas  is  used  for  coolant  and  primary  flows. 
The  major  parameters  are  Mj,  Tt^.,  Tt^^,  5,  Uc,  Pt^^/Paj  and  9. 

Solutions  for  u  have  been  obtained  for  assumed  conditions  vfhich 
approximate  those  of  the  present  experiments.  These  solutions  are  plot¬ 
ted  in  Figs,  58  and  59  for 

Tj^  =  500°F,  1000“F  , 

Ttc  =  75°F  , 

M.  =  0.65  , 

J 

Ml  =  0.35  , 

Pt,  =  psia,  and 

cp  =  0%  30%  90“  . 


100 


Fig.  58  -  Ideal  mixing  soli 
(j  at  Ttj^  =  500°F 


for  total  pressiire  loss  coefficient 


I 


li-- 


The  solutions  for  cp  =  90°  are  horizontal  lines  for  <>ach  5  value, 
independent  of  u^/uj.  This  may  be  seen  from  Eq.  (22)  which,  for  cp  =  90° > 
becomes 


and  thus  u  for  this  case  is  a  function  of  ^  o  Jy.  A  family  of  constant 
I  straight  lines  is  generated  for  each  q),  each  line  intercepting  the 
Ug/uj  =  0  axis  at  the  value  of  w  for  9  =  90®  and  the  particular  | . 

f 

Several  general  conclusions  may  be  dravm  from  Figs.  .58  and  59* 

The  clear  superiority  of  injection  in  the  strearni'/ise  direction  is  quite 
obvious,  as  is  the  fact  that  <p  =  30°  injection  in  the  chordwise  direc¬ 
tion  is  very  close  to  the  optimum  tangential  case  from  the  standpoint 
of  msmentum  losses.  Another  significant  point  is  the  fact  that  at  suffi¬ 
ciently  high  velocities  the  flo;-;  is  energized  by  the  coolant  injection 
and  negative  values  of  o  are  achieved.  This  is  of  interest  in  consider¬ 
ing  massive  blowing  rates,  where  hi^  velocities  are  more  apt  to  be 
achieved  in  practical  applications.  Achieving  such  velocities  in  the 
actual  engine  application  is  a  problem,  however,  since  compressor  outlet 
total  pressure  is  generally  the  hipest  pressure  available  in  the  engine 
for  coolant  supply.  Another  conclusion  gained  from  the  solutions  is  the 
decrease  of  losses  with  increasing  Ttj^/Tt,,?  although  care  must  be  exer¬ 
cised  in  comparing  the  solutions  to  account  for  the  difference  in  uj. 

Thus  equal  values  of  u^  require  entering  the  plots  of  t\ro  different 
values  of  Uq/u. . 

r  O 

The  tv70-d.lmensional  analysis  does  not  distinguish  between  geometries 
angled  in  the  spamase  direction,  thus  for  the  present  study  the  12®,  20°, 
and  30°  spanwise  angled  geemetries  are  all  considered  cp  =  90°  cases.  The 
three  angular  cases  ''-•o  =0°,  30®,  and  90®,  chordwise  angles)  are  compared 
for  typical  conditio..."  of  this  experiment  in  Fig.  45. 


APIENDIXB 


ESTIMATION  OF  THE  MAXIMUM  ERROR  IN  t]  DUE  TO  UNCERTAINTY  IN  Tc 


In  this  section  an  estimate  is  made  of  the  maximum  possible  error 
in  T]  because  of  the  assumption  that  T^  =  75°F  for  all  film-cooling  data 
obtained  in  the  present  experiment.  Air  initially  at  a  temperature  of 
40®F  (±  5°F)  was  used  as  the  coolant,  but  internal  heating  of  this  air 
as  it  passed  through  the  blade  interior  raised  the  coolant  temperature 
in  amounts  depending  on  the  coolant  flow  rate  and  internal  blade  tem¬ 
perature.  The  follov/ing  analysis  estimates  the  error  introduced  by  the 
assumption  that  T^  =  75°F  by  considering  the  extremes  of  internal  coolant 
heating.  ,  The  extreme  condition  of  no  coolant  heating  may  be  easily  cal¬ 
culated.  The  condition  of  maximum  possible  heat  transfer  to  the  coolant 
is  treated  in  the  following  analysis. 

Consider  the  turbine  airfoil  to  be  represented  by  a  flat  plate 
having  a  total  surface  area  equal,  to  the  surface  area  of  the  airfoil, 
k  -  Q  in.^.  Assuming  that  during  film  cooling  of  the  model  there  is 
heat  transferred  to  the  model  rather  than  the  adiabatic  condition  nor¬ 
mally  assmed,  an  energy  balance  equation  may  be  written  as 


Qj^Cj^Tq  =  qA  , 


where  Cp  =  specific  heat  of  air  and  q  =  average  heat  transfer  to  a  unit 
surface  area  of  the  model.  This  balance  assumes  that  all  heat  transferred 
to  the  model  is  in  turn  transferred  to  the  coolant  as  it  passes  through 
thq  model  interior.  Equation  (24)  may  be  written 


icCjATg  =  CHPiU3.Cp(T^^-T^)A 


ATo  = 


(Tt,  -Tvr)A 


where  it  is  assumed  that  the  entire  model  is  at  temperature  T^^.  Using 
the  fact  that  m^^  =  PiUj^A^  and  |  =  %/% ,  Eq.  (25 )  becomes 

ATc  =  (Tt^-T^)  .  (26) 


A  turbulent  boundary  layer  is  assumed  to  exist  over  the  entire  sur¬ 
face  to  provide  the  maximum  heating  possible.  The  turbulent  Stanton 
number  for  the  f  at  plate  may  be  expressed  as  Cjj  =  .029/Re 


Reynolds  nuriber  values  i^ical  of  tie  nidchord  of  tie  airfoil  for  tie 
present  experimental  conditions  are 

I  I{60,000  for  =  500“F 

^  '  283,000  for  Tx  =  1000°F. 

“a 

Values  of  the  Stanton  number  tius  calculated  are 


Ch  = 


1 0.0021  for  Tt^  =  500°F 
■  0.0024  for  Tt^  =  1000°F. 

If  Ch  =  Q.OO23  is  taken  as  an  average  value,  Eq.i  (26)  becomes 

T+, 

ATg  =  0.0056  --  , 


(27) 


•where  A/A^  =  2.42.  Using  the  fact  that 

the  "true"  t)  may  be  calculated  using 


f 


or 


’ItRUE  ’iMEASUEED 


Tt, 

Tt^-(40°F+ATc) 


’^i'RUE  "  ^MEASURED 


t^-(4o°f+. 0056/5) 


(28) 


The  bracketed  term  in  Eq.  (28)  may  be  considered  the  correction  factor 
which  will  tend  to  t  value  of  1  as  Tt,  is  increased.  Equation  (28)  has 
been  solved  for  the  case  of  T-fc  =  500®F  since  this  is  the  experimental 
condition  which  will  possess  tKe  greatest  error  in  q  due  to  internal 
coolant  heating. 


The  solutions  for  various  values  of  ^measured  shorni  in  Fig.  60 
as  solid  lines,  and  the  dashed  lines  in  the  same  figure  arc  for  the 
condition  of  no  coolant  heating.  The  actual  error  in  q  lies  somewhere 
between  the  solid  and  dashed  lines  for  the  same  measured  q.  The  solu¬ 
tion  shov7s  that  for  the  blowing  rates  and  resulting  q  values  of  this 
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issyesii^tioa,  tas  esxasr  ia  -q  is  geasraliy  less  tbsn  O.O3.  It 
"be  also  paiatM  out  iisat  a  stnsilar  solafcioa  far  =  3OD0®F  ■spill  resenbis 
Fig.  60y  hmrever  "both  lise  solM  assS.  csstsd  curres  Tor  iSae  =  iflOD®? 
case  ■Still  be  IjKstea  epproixisatelg’  aearer  tbe  ^  =  O  abcissa  'Ssaa 
siKnjn  ia  Fig.  60. 
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O VJ  Ex.^  03  ^CS-^  O  o 

o 

tr\O.St'  03(rx.t3\0Sxa>r\Cx.O4?x034?xC?\H 
O  O  O  O  O  O  HOx^-g  Q 


ts\H-:a- -:i- Cx-VJ  {rbCx-=^  ©xc*.  B-j  c:  HHYH  tn 
03  OS  09  OS  03  03  o:  03  03  02  03  03  03  03 
Ox^^OxOxOxOxCxGxOxOx©-  c^cx.©xC-©x 


xo  t«\Ex^S>-0-0*^:3- 0\0  O  »-5  or 

c^r\c0i0^c\o\c»v*  ^  x2- ^  crvcr  ^  ^ 

Ox  Ov  ©x  Cx  ©x  Ox  Ox  ©X  Ox  Ox  ©X  Cx  CTx  C> 


o\H  w\os  trxtrtoscx-rwcic^ocsxo! 

^3x  ^Sx^9x  O^x  ^^^^x  {^xOx©x 


C\Ox£VO  ©xOxxccaxO  HHO  o--:?  HH 

^  wViJ-xO-Ji’ V\vD^\£>^xO£V^:i-CXw^  O^ 

v;  x©  V5  XC  xC  >£>  XC  \C  x£>  x£>  \£x  X  S  vC  X©  xG  xO 


O  H  H  C^H  0.;3-  O  HxO  WW©  ©xxCxO  H 

H.:^  03-©^  03^X0  03X0  HW»Ex.rn 0^1-5 

X©  xc  x©  xO  xc  xc  x©  x©  xc  x©  xC  xD  X©  xO  xC  X© 


ATVC^Cx-C^CO  O3xOx6r\0MNH  VXIx-OS  OS 
O  03  O  03  O  03  (TVO  rvO  03  0>0  0X0  P\ 
X©  X0\©X0  X©  X©XC  XOX©  x©  x©xc  XC  x©  x©  X© 


©xH  OXH-d-  HCN3HC©  OJCXirvCxCCHCO 
o  C^»H  C»XH  CXV©  H  WXH  ’-'XC5  OCCHCx- 

XO  x©  x©  xC  X©  X©  X©  X©  X©  X©  X©  X©  X©  X©  X©  X© 


x©  vxov\r\03  C'-t*xtx)  HXO  c^trxc^c^o  O 

CO  o  CO  o  o  o  rxcc  c^orxvxo  vxo  vx 
wxx©  wxxC  vxxovo  xrvx©  uwcx©  xrxxcx©  x© 


OSCxCMCxl^C^  CVO  CV3  C^H  HOOD 


XOXOXO  OwOO  OxOxcO  OxO»(*XCxcX3  CVS  H  O 
H  rH  H  fH  rH  H  H  iH  H  r~i  CVS  H  r~i  CVT  CVJ  CVS 
<JxC'OxOvC7vC7xC7*OvOxOxC'C?xC7xC?^Cx©. 


H  O  VXCO  C»XC0V0  Oxv©  CVJ  O-d  H  O'©  C^ 
\0  Ov©  occ  cncvi  Oco  vrvcc-co  c*xcx-cvi  cv: 

^  ux-d  vrxd  vxvrx^  \r\vr\\o  vwrwovc  <© 

^^d-.d--d-d^p-d-.d.dd-d-.ddd-.d 

C^C^H  ©XCOOC-OV  HOC^O'  O- 

ocoocov  cc-d-dr^  -d  c»xd^  c«x 

....I  ....|  ....|  . 

OHHH  Hvfxvxvrx  VXC7'0'C>  O 

O-d  -d  O  H  CTnO  O-dv©  O  H  C^CVJx© 
o -d -d  O' CN  CVJ  cvi  uxvxrM  CVJ  cvid-d 

OOOOOHHHCVjcvjvrxcv;cvjd-dco 


fi  fi  O4 

I  cofi  +  a5;Occfi  +  a5/)tGPu  +  c?X> 

CO  ro  CO 


a  JO 
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Denotes  blovring  from  test  cabin  walls  only. 

Donotos  blowing  from  toot  cabin  v/allo  and  both  model  oux'faoea 


I  OS*VS5*iniOOKS» 

I  OeS>^OOOCOCSSCS'OCOCOO<iC‘3SO 


c'V£ss  Gi^o  ot^nscQ)  0-^^£> 

O  C*- C  O  O  O  O  ff-S  O  *-H  r-4  O  *-8  (HI  ©C  «-S 


CvO^\^S^\cvOO»£>^OB-5^£>^^^^N^-!»-8^  i 
s-a  w  csa  OS  c^cs  c«  «M  (Tfcc^csa  ca  «?vs- * 


CO  C^0300-^«St?\e>ie-5e«flS>EVe-5  0e-3 
<*^<W-:^-:*  S''i(^P'V;S'-ii'~  «>cni^  tnw\w\ 
£h>  ^?v 


tf\D^X5\F«S-  £vca  S^O  C^O  <«  ^o 

jS"  €'V±-^~ -c-  e»i^  M^cS"  «vi-  irtitriitrsitrt 


O  eaxO'O  C'ViS- O  wvi^  ^  <M  Ovrf  Oke-8  CM 

C''-^  sve^tj\evtrti^ 

^\0>0\0\0'I»\I*\C\i>0'M>\0'5^>xOV>>0 


sHIOCOC^«-5V>r\tr\Oe-»e-SSVCvCMtJV:S- 
^ti\rJV\C«tr»C<^r^C'^C«ES-COc-SCOC«IV 
>0  ^£>  XO 'O  O 'O  >0 'i>  VO  >0  \C  >0  \0  >0  >0 'O 


VO*-JvOa^O  t^r-ICM  OvOvO  «V;S-  OCCt-i 
Ci  CXO  CM  r-C  ^  O  <r\«-i  C'VsS- o cH  £^ 
xO  v£s  V>  vO  VC  vO  v^  xS  xO  VO  xO  VO  \0  xi)  v£>  vO 


xO  «\Cv-:S-  VfvS-  OvCx.:d-xO  lvcx.co  t-!CO  C*\ 
CM  IfXO  XTir-i  WXCx-O  C^s-i  C^OO  <?kr-CCO 
xC  XO  xC  XO  x£>  XC  XO  XO  VO  xO  xC  xc  XO  XO  xO  XO 


0-:5' W=3-cO  O  CACMvO-^xO  OC^C^IMcJ- 
O  cxsco  CM  c^c*^^ca-:}■  o  irxocoxo  «-ivo 
xoxo  xrvxO  UXNOXO  VXMJXOXOXO  xTvxOxOxO 


C^CVOxO  CM^XO  OvvOCO  O  OOIXO  r-CVX 

wo-  xrvxrv\0'0  c^wo  wxcoco^  C^C^-co 


Ox^  CO  OxCxC^CTxCxCM  CM  0x0  CM  C^CMCJx 

r-Cr-Cr-irCf-JCMtHiHCMCM  C^CM  CM  CM  C'XCM 

Ox  Ox  Ox  Cx  Ox  Cx  O  CJx  Ox  Cx  Cx  Cx  Cx  Ox  Ox  Ox 


XTtXAC^CMxO  VXC»XO  O  C^CO  C^VXr-l  CMC^ 
XO  0X0  C»^rH  CM  C»Xr-i  0-::i-  «-I  rHvO  CM  UXC»\ 

^  xr,^  xrvtTvvo  xrvirxxo  vxcx^  wd-xo  xnco 

CMCTxt^  CJxO-dOx  CMxflxrvPX 

O  XTVVOXO  VO  O  O  Ox  CM  C^xr\^  Ox 

•  «••!  •?••!  «***1  • 

OXnx^XTv  vrxoxcxco  OxHrMrM  O 

«H  «H  «H  f-t 

O  O^  C^VOXO  CM  {»Xr>VXO  C^CM  CxCM  rH 
o  CXC^XxOvO  C^rH  <H  CM  Cx- Cx- C^xO 

O  rM  (H  CM  CM  XTVCM  CM^^CO  CM  CMCTWXO 

-  *H 


Dl(  pLi 

itocu+taptop^  +  csjotoPi  +  cj^o 


Denotes  blovrlng  from  test  oabln  wnllo  only. 

Denotes  blowing  from  tost  onbin  walls  and  both  model  ourfaoQS 


Table  V  -  Static  Prooouro  Data  for  Model  II,  «  500°P,  P*|}j_/Pa  a  1*5 
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Table  XII  -  Static  Pressure  Data  for  Model  IV 
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♦Denotes  value  for  S  blowing.  Multiply  by  1.055  for  pressure  surface  value  of 
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♦Denotes  value- for  S  blowing.  Multiply  by  1.055  for  pressure  surface  value  of  B 


Table  XIV  -  Wake  Total  Pressure  Survey  Data  for  Model  1»  T-fc  =  500*F> 
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test  cabin  walls  and  both  model  feurfnoea 
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Denotes  blowing  from  test  cabin  walls  only. 

Denotes  blowing  from  test  cabin  walls  and  both  modol  ourfaooG 


Table  XVI  -  Wake  Total  Prooauro  Survey  Data  for  Model  Xli  e  500“P> 

Pti/Pa  -  1.5 
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Table  XX  -  Wolce  Total  Proosuro  Survey  Data  for  Model  111,  T.i.  h  500®F 
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-  Walce  Total  Prosauro  Svjrvoy  Data  for  Model  111.  Tt  a  1000°F 


K 

eS 

3 


rv 

a 

S’ 


p 

u 


H 


Q) 

H 

I 


r-5fi, 


>> 


e-!j3-  ti\£NeOjS-  OV>'S>CWWVa>o 
^  t-J  OJ  C'VaT’  e-4  C^^C*^wSr-J  M  ■*■ 
WVOMVVOCO^  CJiO'Or-iO^r-S 
000000Cr^0r^B-30r^l 


CO  C'\£S>  €>iP\s-3  O  O 

CO  c-iCO  r-S  W\£>C^O^O  O^C^OvGO 
0«-I0e-Se-30«-ae-Je-3e-5c-50t-3 


■P 

1 


PV 


O 

+ 


-.-j  a 
-p  o 
il*  JC 

o 


4n 


*^£>“0  V>  O  CN!  C^*AO 'i\SO  CO 
00  OCO  O  r-5  ft  C^CV!  £>^  1-J  CV 
f-J  CV5  e-i  M  C\p\0*i  P\C*\CV!  P\ 

ooooooooooooo 


o 

I 


4” 

p«  {»« 


& 

p  ra 

Pi  A 


m 


CM 

o 

T-i 


I 

5: 

o  to 

r-f  q 

m 


Ov  O' O  O  CA  CJ'.  O  Ov  O  <A  O  Ok  O 


CO  VO  0<VJ  r^co  »ACO  CM  i-i  OkVO  CM 

c^vrvtrvy^  o  o  wj- fi  PAvo  CM  vn 

CM  CM  CM  CM  C»VC^PVPVPVt 


O  CM  CM  CM  VO  VO  'ACM  C^i-H  WOvO 
O  CAOkO'AWjd-  O  rH  rH  CM^  CM 

O  i-t  iH  H  lA 'A  XA  On  Ov  O' H  i-J  iH 

r-t  x-i  t-i 


O  CM  CM^  f^  r^  'A^CO^  VN.OkO 
O  VAVAo  'A'AON-d--^  CnO  OrM 

O  HrHH  CM(MCM^*CACAvO 


A  A  A  A 

I  tOA+toA+toA+(OA  + 
W  CO  to  to 


127 


03 

OxOxrHI.^ 

* 

03 

O 

»-leOOt-l 

w\r 

OS 

I  xOO-COOx 

1  OxcO 

i  Cx 

O 

f  OOOO 

I  oo 

1  O 

• 

•  •  *  • 

•  • 

• 

o 

c  o  w  tvs  ov^  a>  c« 

O  O  CVO  C3  *-5  O  »-i  «>.0  O 
c-J  r-l  r-t  i-t  r-i  05  t-J  OS  s-J  ri  04 


c<- 

»rvu\or\ 

Cx»^^ 

Ox 

«-i 

w\oi 

IVC»\ 

CX- 

OS 

1  o!r\<r\r\  i 

p\f^  1 

e\ 

O 

1  OOOO  1 

O  O  1 

o 

• 

o 

•  •  «  « 

•  « 

• 

V>  C^CWTVOJ  «-l  O  ITvvO 
OOHf-lCVJ03030!CV*r-J0J 
Ov  t?v  C?k  0\  Cv  (A  Cx  Cx  O  O' 


O  Cx.r^  Jd- 03  O  r-i  :S- 
iH  OxCO^NOvC^vO  O'ACx. 


OCO  Ox'^xO  HXOCO  CxCC  i-J 
0x0  CX.O  cxixovoco  CO  rvox 

O  i-i  H  'Tv'vrvcc  CO  CO  O  O  O 
f-i  ri  ri 


oxrxoo  rxf^oo  cxcc  ox 

O  r-itXlOJCM^  CXIOJVA 


tL|  pL«  PL| 

I  A<+(o+OTO«  +  cor-<  + 
w  to  to  to 


.28 


Table  XXT.II  -  Wake  Total  Pressure  Survey  Data  for  Model  IV,  «  500®F 
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^Denotes  value  for  S  blowlns*  Multiply  by  1.055  ^ot  pressure  surface  value  of  B. 


TaTsle  XXIV  -  Wake  Total  Pressvire  Survey  Data  for  Model  IV,  a  1000®P 
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^Denotes  value  for  S  blowing.  Multiply  by  1,055  for  pressure  surface  value  of  B. 
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♦Denotes  value  for  S  blowing.  Multiply  by  1,055  pressure  surface  value  of  B 
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blowing  from  test  cabin  walls  only* 

tlovjing  from  test  cabin  walls  and  both  model  surfaces 
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blowing  from  test  cabin  walls  only. 

blowing  from  test  cabin  walls  and  both  model  surfaces 


Table  XXVIII  -  Temperature  Data  for  Model  II,  Tt^  =  500'*F,  Pt^/P; 
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Table  XXXIII  -  Temperature  Data  for  Model  III,  «  1000°P,*  P.|jj^/Pa  ® 
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Table  XXXIV  -  Teniperat\ire  Data  for  Model  III,  «  1000°F,  a  1.7 
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Denotes  value  for  S  blowing.  Multiply  by  1.055  pressure  surface  value  of  B 
Offset  from  camber  line  to  0.040  Inch  from  pressure  surface. 
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Table  XXXIX  -  Heat  Transfer  Data  for  Suction  Surface 
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Table  XXXIX  -  (Continued) 
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Tfable  XXXIX  -  (Continued) 
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Ta'ble  XXXIX  -  (Continued) 
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Tatle  XL  -  Heat  Transfer  Data  for  Pressure  Surface 


HVO 

oo 

CM  CM 
O  O 
O  O 


O  CM  O  CM  \OMVd-cM 

vrv  OCMMDCVCMCMOC^ 
t-i  CMCMr^rHCMCMCMrM  CJ  CM  CM  CM 
O  OOOOOOOO  OOOO 
O  OOOOOOOO  OOOO 


vo^  C«^0  V0\0  . 
CTvcv'nirv  c^c'-- 
CM  CM  CM  CM  CM  CM  I 
OOOO  O  O 
OOOO  oo 


I 


b- 

ri 

u 


jCfH 

fQ 


I 

o 

0) 

CO 

I 

CM 

■P 


-:J-  C^  f-J  CO  P^M^cO  H  C^O  C^O  0\CM  C«^CM 

CM  CD  ^  CJ^C^O  O^-d- CM  M3  CM  CCkCM  C^OCJnCM  O  O- 

C«^r^  I  CM  C»3Cf3C^  CM  C^C^C^  CM  CM  CM  CM  CM  CM  I  i 

OO  O  OOOOOOOO  OOOO  OOOO  OO 


O 


^  (£4 

GSO 

E^ 


(S-C^CM  Cf3  C«^CM  O  CM  CM  H  C^H 
COOOO'O  (T'OO  O  (J\CJ\CJ\0 
fHfHriiH  rHtHCMCM  i-lrHrHCM 


C^cJ-C}-M3  O^CNOCM  V\CMOnO 
'Avac^CO  VO  'AOC  C3v  vOvOvO  CV- 
CACACACA  CACAOACA  CACACACA 


E-c  O 


fM  r^  VA 
CACA  I  CA 
f-J  fH  T~l 


^  CAov-^ 
CM  CM  CM  CM 
fH  fH  r-}  iH 


CM  i-C  C^CM 
CM  CM  CM  CM 
r^  tH  rH  r-t 


'AVAosO 

rH  I— I  rH  iH 


CAOsCM  (A 
VO  'AM?  VA 
tH  iH  rH  rH 


OCO  CM 
two  I  VO 
H  H 


X 

<U 

P4 


VO 

I 

O 

H 


HVO  CACM  ^  VNCO  CA  o^vo  CM 
CM  A-VO  (A  (jvCAO  VA  'ACO  CAVA 
CA^VOOn  tMj:J-vOCO  CMCA'ACv- 


O 


C^HC^CO  OCMCMCM  OD-OCA 
tNvOVOO  VACM  H  CA  ^  O  CJvO 
H  CM  CAVA  H  CM  (Aci-  HCMCMJ- 


CM  VAn’ VA  CM  VAr.  A  CM  AH  A  CM  AH  A  CM  AHA  CM  AHA 
CO  O  AVO  A  AVO  A  O  AvO  A  O  AVO  A  O  AVO  CO  O  AVO 


OHH‘  '  IHHOHHH  OHHH  OHHH  OHHH 


H  U* 
-P  O 
Eh 


0 

0 

0 

0 

CM 

CM 

o  o 

o  o 

CM  ^ 


o  o 

o  o 

ci-  ^ 


H 

H 

0 

CO 

C^ 

A 

CO 

■P 

CM 

CM 

H 

H 

H 

H 

PM 

Ov 

A 

CJv 

<^ 

C^ 

V. 

H 

PM 

• 

0 

1 

♦ 

• 

• 

• 

• 

05 

VO 

H 

tN 

CO 

CM 

H  H 

• 

• 

• 

« 

« 

• 

+>  to 

0 

c-. 

CM 

0 

A 

Pc  PM 

A 

A 

A 

CM 

CM 

149 


Heat  Transfer  Data  for  Suction  Surface,  =  1*7 
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AFISItDIX  D 


OF  SC5ILIEREJ  BATA 


The  Schlieren  investigation  of  Shaw^®  shows  clearly  the  enlarged 
turbulent  boundary  layer  over  the  suction  surface  »diich  was  found  to  be 
characteristic  of  nassive  non-chordwise  S  blowing.  Similar  results  were 
obtained  for  Models  I  and  II  (12®  spaisfise  and  vertical  injection,  res¬ 
pectively)  ,  although  transition  during  bloviing  appeared  to  occur  further 
forv^ard  on  the  suction  surface  for  Model  II  than  for  Model  I.  This  is 
not  surprising,  since  Model  II  possessed  a  greater  number  of  holes  per 
rovr  and  would  be  expected  to  cause  a  greater  disturbance  of  the  laminar 
boundary  layer  during  equivalent  rates  of  blov;ing  than  vrould  Model  I. 

The  photographs  for  Model  I  show  evidence  of  considerable  spanwise  vari¬ 
ation  in  the  botindary  layer  during  blovring,  while  those  taken  of  the 
flow  about  Model  II  more  closely  approximate  the  two-dimensional  situa¬ 
tion. 


Figures  6l  and  62  show  the  marked  contrast  between  no-blowing  and 
massive  suction  stirface  bloidng  for  Model  II  (vertical,  injection). 

Figure  6l  shows  the  boundary  layer  enlargement  for  the  vfhoUy  subsonic 
suction  surface  (Ft  1/^2  =  ^*5)  and  Fig.  62  sho\-7s  the  similar  effect  for 
the  transonic  suction  surface  (Pti/Ps  =  I-?).  The  mottled  appearance 
of  the  flow  in  Fig.  6l  is  due  to  sound  waves  travelling  upstream  frcm 
the  choked  exit  nozzle  of  the  facility,  while  shock  waves  are  clearly 
•visible  in  the  transonic  flovr  field  shovm  in  Fig.  62.  The  location  of 
the  blOTring  rows  may  be  seen  frcm  the  apparent  surface  bumps  caused  by 
chipping  of  the  quartz  glass  where  coolant  feed  lines  passed  through  the 
windOT'7s.  The  region  of  the  first  row  of  holes  was  completely  hidden  by 
a  large  chip,  appearing  as  a  black  bulge  near  the  left  of  each  photograph. 
As  iJay  be  seen  from  the  photographs  for  massive  blowing,  separation  does 
not  extend  a  significant  distance  upstream,  although  seme  local  separa¬ 
tion  may  exist  upstream  of  the  last  blowing  row  in  Fig.  62a.  Also  of 
interest  is  the  reduction  of  Mach  number  caused  by  suction  surface  injec¬ 
tion,  as  seen  by  the  reduction  of  the  number  and  intensity  of  the  shock 
waves  in  Fig.  62a.  The  first  shock  wave  in  this  photograph  appears  to 
be  at  the  transition  point,  which  was  generally  found  to  be  in  the  near 
'■vicinity  of  the  first  blowing  row. 

The  author  is  indebted  to  Mr.  R.  J.  Shaw  for  his  pemdssion  to  use 
these  photographs  in  this  Appendix. 
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(b)  S  Blowing,  5  =  0.013 


Fig.  61  *•  Schlieren  photographs  of  suction  surface  flow  over  Model  II 
(vertical  blowing  )at  Pt^^/Pa  =  1.5 
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(b)  S  Blowing,  |  =  .010 

Fig.  62  -  Schlieren  photographs  of  suction  surface  flow  over  Model  II 
(vertical  blovdng)  at  Pt^/Ps  =  1,7 
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